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ABSTRACT 
The incorporation of molecular structures such as shape persistent molecular frameworks, 
strong hydrogen bond donor groups or perfluoro-alkyl groups can result in considerable 
gains in the performance of some established polymeric materials. This dissertation details 
the synthesis and properties of polymers that demonstrate such types of functionality for 
emerging electronics and chemical sensing applications. 
In Chapter 1, we present a general introduction to organic electronic materials and chemical 
sensory technologies. This chapter introduces many of the important principles that are 
explored throughout the rest of the text. In Chapters 2 and 3, we develop some novel 
polymeric materials for organic electronics applications. In Chapter 2, the development of 
several insulating polymers that demonstrate very high porosity in the solid state is 
discussed. The high porosity is provided by rigid three-dimensional frameworks, which 
present large amounts of internal free volume. In Chapter 3, we present the development of 
conducting polymeric materials that present rigid iptycene frameworks. These materials are 
prepared through an electro-chemical deposition process. 
In Chapter 4, we find that the performance of an established conjugated polymer-based 
chemical sensory technology can be enhanced through the employment of pendant 
hexafluoroisopropanol groups that function as strong hydrogen bond-donating sorbant 
elements for weakly-binding analytes. In Chapter 5, we demonstrate that these 
hexafluoroisopropanol groups can be incorporated into a host of polymeric materials through 
a unique solid-state functionalization step that employs the reactive chemical 
hexafluoroacetone. These materials may be useful for analyte pre-concentration 
applications. Finally, in Chapter 6, we develop new, highly-luminescent conjugated 
polymers for future organic light-emitting diode-based display applications using 
hexafluoroacetone as a source of fluorination for the polymers. These materials demonstrate 
greater photo-oxidative stability that may extend their lifetimes in device applications. 
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Chapter 1 
An Introduction to Electronics Materials 
and Chemical Sensor Technologies 

Introduction 
Organic materials for electronics applications are an emerging market that is 
projected to reach $96 billion by 2020.' These materials are desirable for many new 
commercial applications because they enable the production of very inexpensive electronic 
devices through simple fabrication processes. These processes include solution-based 
casting methods and chemical vapor deposition techniques that are amenable to device 
production onto disposable, flexible substrates. In the near future, these materials will enable 
the development of new products, many of which have not yet been envisioned. Today, 
many corporations are making considerable investments in this area, and the first products 
are finding their way to the marketplace. Among these products are simple conducting 
polymer-based anti-static coatings2, as well as organic materials for cellular telephone 
displays3 and photovoltaic  device^."^ Further progress in this area is dependent on the 
development of new materials for these  application^.^ 
In particular, the development of sensory materials for chemical detection has gained 
considerable importance as the threat of terrorist attacks at home and abroad has grown 
significantly. This threat was made abundantly clear with the September 11, 2001 attacks on 
New York and Washington, D.C. Subsequent terrorist bombings in Bali, Madrid, London, 
and elsewhere have further heightened our awareness of these threats and taught us that in 
addition to high explosives such as RDX and TATP, even jet fuel can be used as a ~ e a p o n . ~  
Detection of such compounds by conventional technologies can be challenging due to 
their low vapor pressures as well as the packaging and concealment of the explosive 
 device^.^" For these types of applications, novel organic polymer-based detection schemes 
are being developed for the detection of certain explosives such as trinitrotoluene (TNT), as 
well as various biological and chemical  weapon^.^ Companies such as Nomadics Inc. 
(Stillwater, OK) are developing fieldable devices based on such technologies for first 
responders and standoff detection applications.10 Current chemical detection technologies 
include specially trained canines, gas or liquid chromatography, and mass spectroscopic 
techniques. Ion-mobility spectrometers (IMS) are widely used in airport baggage screening? 
GE is also developing "EntryScan" passenger-screening portals for airport security based on 
IMS technology. Compared to these systems, the development of sensory technologies that 
are based on organic materials pose certain advantages for handheld chemical detection 
applications. 
Both electronics applications and chemical detection technologies require the 
development of new organic materials with distinct properties. Electronics applications 
require materials that present electronic or luminescent properties that can be introduced and 
tuned through organic synthesis. The high stability of these materials is also required to 
ensure compatibility with fabrication processes, as well as long device operating lifetimes. 
For sensor applications, the introduction of certain functional groups into these materials that 
can serve as receptors for the targeted analytes is of great interest because the scope of the 
analytes that can presently be detected is very limited. In particular, present requirements for 
sensory materials for the detection of improvised explosive devices (IEDs) and other 
concealed weapons demand materials that are responsive to the particular analytes that are 
associated with these devices. For these types of applications, it is also important to develop 
new sorbant materials for analyte collection and delivery to the sensory material. This is 
especially critical for analytes that present very low vapor pressures. 
In this work, we present our efforts to develop new materials for these types of 
applications. We investigate the incorporation of rigid molecular frameworks into polymers 
to develop highly porous materials for some electronics applications. From these basic 
materials, we also develop new sorbant materials intended for explosives detection 
applications. We explore the enhancement of analyte binding interactions with conjugated 
polymer-based sensory materials using the hexafluoroisopropanol (HFIP) group, a strong 
hydrogen bond donor. The chemistry of hexafluoroacetone and its HFIP derivatives are also 
explored for organic light-emitting diode (OLED) and other organic electronic materials 
applications. In this introductory chapter, we introduce some of the basic chemistry of the 
molecular frameworks and functional groups involved in this research, namely the synthesis 
and properties of iptycenes, the chemistry of fluorescent, conjugated polymer-based chemical 
sensory technologies, the strongly hydrogen bond-donating HFIP group, and the utilization 
of fluoro-alkyl groups to increase the stability of conjugated polymers toward oxidation 
processes. 
Iptycenes. Iptycenes are a class of organic compounds that are characterized by a rigid, 
three-dimensional framework that is comprised of a benzo-fused [2.2.2] bicyclooctane ring 
system (Figure 1.1). Triptycene; the simplest member of this class of compounds, was first 
synthesized by Bartlett and co-workers through a multi-step synthetic route." The 
subsequent development of the chemistry of benzyne by Wittig enabled the more convenient 
synthesis of these types of  compound^.'^ The conformational rigidity of these molecules 
endows iptycenes with many interesting properties. For example, iptycenes can demonstrate 
tremendous thermal stability. In fact, many iptycenes have melting points over 5 0 0 " ~ ! ' ~  
Figure 1.1. The structures of triptycene (left), pentiptycene (center), and 1, an extended 
triptycene (right). 
Iptycene Synthesis. Iptycenes can be synthesized through a number of synthetic routes. In 
general, the synthesis of triptycene begins with the Diels-Alder reaction of a reactive 
dieneophile such as 1,4-benzoquinone with anthracene serving as the diene (Figure 1.2). 
Diels-Alder reactions occur at the 9,10 positions of anthracene (the central ring) due to the 
product-like transition state that energetically favors the formation of two benzene rings as 
opposed to a single naphthalene ring system and an olefin. The larger HOMO coefficients at 
the 9,lO-positions of anthracene also explain the higher reactivity at this site.14 
5 steps 
Figure 1.2. The Diels-Alder reaction of anthracene and 1,4-benzoquinone is the first step in 
Bartlett's synthesis of triptycene." 
Hyperbaric Chemical Reactions. The rates of certain chemical reactions, such as the 
Diels-Alder reaction, can be accelerated by high (hyperbaric) pressure? The rate 
acceleration is due to the negative volume of activation of these reactions (Av* = -25 to 4 5  
cm3mol-' for a Diels-Alder reaction). In a Diels-Alder reaction, the volume of the reactants 
(the dienophile and the diene) in their transition state is smaller than the volume of each of 
the reactants on their own. Under hyperbaric pressures, the rate of the reaction is accelerated 
dramatically, since the reactants are forced into their transition state. Equation 1 can be used 
to calculate the rate of a Diels-Alder reaction at various pressures. Increasing the pressure of 
the reaction from 1000 bar to 10000 bar increases the rate of the Diels-Alder reaction by a 
factor of lo6. Hyperbaric equipment has facilitated the synthesis of new iptycenes, including 
iptycene ladder polymers, called poly(iptycenes), in our laboratory. l6 
Aryne Chemistry. Another useful method for the synthesis of iptycenes utilizes very highly 
reactive aryne intermediates, such as benzyne (1,2-dehydrobenzene). Arynes can be 
generated through a number of methods. Convenient precursors for benzyne generation 
include anthranylic acid diazonium salts, 1-halo- or 1,2-dihalo-aromatics, and others (Figure 
1.3).17 These very reactive dieneophiles can react with anthracene or other linear acenes to 
yield iptycenes in a single step. This convenient synthetic route has been employed in the 
synthesis of many different substituted and un-substituted iptycene frameworks.13 
(a) @ %N ox ax oTMS 
' COP / ' x ' OTf 
Figure 1.3. (a) convenient benzyne precursors include benzenediazonium-2-carboxylate, 
mono- and di-halo benzenes (X = C1, Br, I), and ortho-trimethylsilylphenyl triflate (b) the 
reaction of anthracene and benzyne affords triptycene 
Internal Free Volume. The rigid frameworks of iptycenes can enforce some porosity, or 
internal free volume, in the solid state. A simple illustration of internal free volume is 
presented in Figure 1.4 below. While both one-dimensional and two-dimensional objects can 
pack quite closely to minimize the empty space between them in the solid state, rigid three- 
dimensional frameworks, such as iptycenes, cannot pack closely together without leaving a 
significant amount of empty space. 
Figure 1.4. An illustration of internal free volume. Rigid 3-dimensional frameworks (right) 
cannot pack as closely as 1-dimensional ( le f )  or Zdimensional frameworks (center). 
X-ray crystal structures of iptycenes have also revealed the high solid-state porosity 
of these rigid frameworks. In Figure 1.5, the crystal structure of the extended triptycene, 1, 
displays large cavities or channels filled with several disordered solvent molecules. 
Figure 1.5. The X-ray crystal structure of an extended triptycene, 1, reveals large pores filled 
with disordered solvent molecules (CH2C12). 
Many groups are investigating the use of rigid molecular cavities or capsules and 
have employed the internal free volume for a variety of applications.'* Iptycenes are of 
particular interest to the Swager group because of the simplicity of their synthesis and 
accessible routes for their incorporation into a wide variety of materials. 
Iptycene Alignment in Liquid Crystals and Polymers. There is an old adage that "nature 
abhors a vacuum." Our group has discovered that when iptycenes are dissolved into a 
nematic liquid crystal (LC) or incorporated into a stretched polymeric film, they tend to align 
in a manner that enables the host material to minimize this empty space. For nematic liquid 
crystals, Long has demonstrated that the dissolved iptycenes align so that their long axis is 
perpendicular to the director axis of the liquid crystal (Figure l.6).19 This is contrary to 
compounds such as anthracene, which generally aligns with the long axis parallel to the LC 
director axis. The perpendicular alignment of the i ptycenes enables the greatest 
minimization of the internal free volume through efficient packing of the host material. This 
perpendicular alignment effect is also evident when iptycenes are dissolved into a polymeric 
host such poly(viny1 chloride) (PVC) and stretched. In this case, molecules, such as 
anthracene, align with their long axis parallel to the stretching direction. Iptycenes, however, 
are found to align perpendicular to the stretching direction. 
Figure 1.6. A schematic illustration of the perpendicular alignment of the long axis, b, of a 
triptycene (left) within a nematic liquid crystal host (center), or a stretch-aligned polymer 
film (right). The letter n denotes the director axis of a nematic liquid crystal or the stretching 
direction of a polymer film. The letters a and b denote the short and long axes of a 
triptycene, respectively. 
Iptycene-Containing Polymers. When iptycene frameworks are incorporated as structural 
elements into the main chain of a polymer, the polymer chains become unable to pack to 
minimize the internal free volume excluded by the iptycenes. As a result of this behavior, 
iptycene-containing polymers can be used to prepare materials that demonstrate many useful 
properties. Long has shown that increasing the iptycene content of some polymers can lead 
to significant reductions in their dielectric constants (Figure 1.7)." Porosity measurements 
of related polymers have revealed that these materials present large surface areas with very 
small pore sizes. Some of these materials are of particular interest in such applications as 
low dielectric constant (K) coatings for interconnects in integrated circuit manufacture. 
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Figure 1.7. Increasing the iptycene content of a polymer leads to a reduction in the dielectric 
constant. 
Recent work by Thomas and co-workers has reported soluble, high molecular-weight, 
poly(ipty~ene)s.~' The iptycene ladder-polymers were prepared by Diels-Alder chemistry, 
using hyperbaric methods. These polymers also demonstrate similar perpendicular 
alignment effects when incorporated into stretched polymeric (PVC) hosts (Figure 1.8). 
Such materials are of particular interest for ballistics protection applications. Current group 
efforts are directed toward the incorporation of other iptycene frameworks into polymers for 
related electronics, sensory, and engineering materials applications. 
Figure 1.8. Poly(iptycene)s also align perpendicular to the stretching direction of a polymer 
host. 
Sensory Amplification in Conjugated Polymers. Our group has discovered that semi- 
conducting, conjugated polymers can demonstrate extremely high sensitivity in some 
chemical sensing applications." These polymeric materials have been shown to be superior 
to small molecule-based sensor systems in some trace chemical detection applications due to 
the molecular wire effect. In Figure 1.9, we show that for a generic, small molecule-based 
sensory system, the binding of a single analyte will result in a response from a single 
receptor. The sensitivity of this mono-receptor system will depend strongly on the 
equilibrium constant of analyte binding. When the same three receptors are wired in series 
(as in a conjugated polymer), the binding of a single analyte at any of the receptor sites can 
result in a collective response from the system that is significantly greater than the response 
from the case of the mono-receptor system. This represents an amplification of the sensor 
response for the poly-receptor system. The molecular wire effect is the basis for the high 
sensitivity of conjugated polymer-based sensory systems. Zhou has reported that a 
conjugated polymer in the solution state can demonstrate a 65-fold enhancement in 
sensitivity towards paraquat compared to a mono-receptor system? 
Figure 1.9. A schematic illustration of the molecular wire effect. (top) The sensitivity of a 
mono-receptor detection system is dependent on the equilibrium constant of analyte binding. 
(bottom) Analyte binding in a poly-receptor system results in a collective, amplified response 
from the sensor. 
Conjugated polymers can demonstrate effective transduction of certain analyte 
binding events through changes in fluorescence. These changes can include fluorescence 
quenching ("turn-off detection"), spectral changes, or the appearance of fluorescence 
emission ("turn-on d e t e ~ t i o n " ) . ~ ~  Changes in fluorescence intensity can be easily 
measured with simple optical systems. In turn-off detection, an analyte binding interaction 
can result in the quenching of the fluorescence of a conjugated polymer through a photo- 
induced electron transfer (PET) reaction (Figure 1.10). The absorption of a photon by the 
conjugated polymer can generate a mobile exciton (an electron-hole pair) that travels along 
the polymer chain, effectively sampling many different potential analyte binding sites along 
the way. After some time, the excited state (conduction band) electron relaxes to the ground 
state (valence band) by emitting a photon (fluorescence). However, if the exciton encounters 
a bound analyte that is sufficiently oxidizing, an electron transfer reaction can occur. This 
transfers the electron from the conduction band of the polymer to the LUMO of the analyte. 
Afterwards, the electron can transfer from the LUMO of the analyte back to the valence band 
of the polymer through a non-radiative process. This electron transfer reaction destroys the 
excited state of the polymer and quenches its fluorescence. 
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Figure 1.10. Energy level diagram depicting the PET quenching of the fluorescence of a 
conjugated polymer with a bound, electron-accepting, analyte. E, represents the band gap 
energy, hv represents a photon. 
For the efficient performance of a conjugated polymer sensor that is based on PET 
quenching of fluorescence, there must be a strong electronic interaction between the analyte 
and the polymer, the PET reaction should occur considerably faster than the fluorescence 
lifetime, and the PET process should be exergonic (AGO, < 0). The efficiency of the PET 
reaction can be estimated using Weller's equation (Equation 2)." 
Eox(D), Ed(A), and E, are the oxidation potential of the polymer (electron donor), 
the reduction potential of the analyte (electron acceptor), and the lowest singlet 0-0 excitation 
energy of the polymer, respectively. For a typical conjugated polymer employed by our 
group, Eox(D) and Eo-, are 1.22 V (vs SCE) and 2.74 e ~ . ~ ~  With analytes such as TNT 
(Ed(A) = -0.7 eV vs SCE), the PET process proceeds favorably (AGO,< 0). 
Iptycene-Containing Conjugated Polymer Sensors. Initial investigations into conjugated 
polymer-based sensing by our group were performed in the solution state, where the 
conjugated polymers were highly fluorescent. Here, the conjugated polymers demonstrate 
essentially 1-dimensional exciton transport (along the polymer chains) that limits their 
sensitivity for trace analyte detection. Practical applications, however, required conjugated 
polymer-based sensory materials that are emissive as thin-films. Furthermore, inter-polymer 
exciton migration in the solid-state can result in enormous sensitivity gains for conjugated 
polymer-based detection systems. Our group has reported that incorporating rigid iptycene 
frameworks into conjugated polymers such as poly(pheny1ene ethynylene)~ (PPEs) can 
significantly reduce the inter-polymer aggregation and increase the solid-state luminescence 
of these polymers.26y27 Such polymers also demonstrate increased solubility and higher 
molecular weight. Figure 1.1 1 and Table 1.1 compare the polymer molecular weight and 
photo-physical properties of an iptycene-containing PPE to a similar PPE that lacks an 
iptycene framework. For the iptycene-containing PPE, the solid-state absorption and 
emission spectra are minimally red-shifted with respect to the solution-state, while the PPE 
that lacks iptycenes demonstrates significant aggregation, as evidenced by greatly red-shifted 
solid-state absorption and emission spectra. Furthermore, the solid-state fluorescence 
quantum yield for the iptycene-containing PPE is much higher than the un-substituted PPE. 
The iptycene-containing PPE also has a much higher molecular weight than the un- 
substituted PPE, due to its higher solubility under the polymerization conditions. 
Figure 1.11. Poly(pheny1ene ethynylene)~ (PPEs) that contain rigid pentiptycene 
frameworks such as polymer 2 (lefr) are superior for solid-state chemical sensing applications 
than PPEs that lack iptycene frameworks such as polymer 3 (right). 
Table 1.1. Polymer Molecular Weight and Photo-physical Data (excerpted from Ref. 26). 
Abs Ib, nm Fluor nm @F 
Poly M, soln (film) soln (film) soln (film) 
2 144KDa 441(448) 457 (460) 0.50 (0.33) 
3 33KDa 453(483) 478 (496) 0.27 (0.09) 
The reduced aggregation and the increased porosity of the iptycene-containing 
conjugated polymers can facilitate analyte diffusion and transport into the polymer films 
(Figure 1.12). Polymers of this type demonstrate very high sensitivity towards certain 
explosives vapors such as TNT due to strong electrostatic binding interactions between the 
electron-deficient TNT molecule and the electron-rich conjugated polymer. 
Figure 1.12. A schematic illustration of TNT diffusion and binding within a porous, 
pentiptycene-containing PPE film.27 
The Fido Sensor. Iptycene-containing PPEs have been implemented by Nomadics Inc. 
(Stillwater, OK) into a fieldable sensory device called a Fido (Figure 1.13).1° The portable 
Fido sensor utilizes glass capillaries whose insides have been spin-coated with a thin film of 
the PPE. A laser diode excites the PPE coating on the inside of one of these capillaries and 
the fluorescence emission of the polymer is continuously monitored in real-time by a 
photodiode detector. An air pump draws analyte vapor through the capillary and any change 
in fluorescence emission from the PPE indicates a positive sensor response. The FidoIPPE 
sensor system has undergone field trials and a version that has been mounted on a US Marine 
Corps Dragon Runner robot is of current interest for the standoff detection of improvised 
explosive devices (IEDs) in 1raq." 
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Figure 1.13. Nomadics Fido 4TD sensor (lef) and a schematic illustration of the PPE coated 
capillary and the Fido optical detector layout (right). 
Improving the Performance of Conjugated Polymer-Based Sensors. Previously reported 
conjugated polymer-based sensors have demonstrated excellent performance for the 
detection of trace amounts of certain analytes, such as TNT. Unfortunately, the scope of 
these conjugated polymer-based sensory materials is presently limited to a fairly small range 
of targeted analytes. There is current interest in the detection of certain components of 
plastic explosives that, presently, cannot be detected by conjugated polymer-based sensors. 
These include high vapor pressure taggant molecules such as DMNB, which are incorporated 
into all legally manufactured plastic e ~ ~ l o s i v e s . ~  The high explosives TATP, RDX, HMX 
and PETN are also analytes of interest (Figure 1.14). In December of 2001, TATP and PETN 
made headlines when the infamous shoe bomber Richard Reid attempted to detonate an 
explosive device containing these compounds during a transatlantic flight.29 These analytes 
present distinct challenges for their detection with established conjugated-polymer based 
sensory technologies. These sensors demonstrate their best performance with planar, 
electron-deficient, aromatic structures such as TNT, which possess strong electrostatic 
binding interactions with the polymer. TNT vapor can readily be detected by conjugated 
polymer-based sensors, even though its equilibrium vapor pressure is in the ppb range. 
DMNB has much higher equilibrium vapor pressure, in the ppm range, which indicates a low 
propensity for binding with the polymer film. RDX, HMX, and PETN have such extremely 
low vapor pressures, in the ppt range, that sample collection and delivery to a sensor is 
extremely challenging. Our group has embarked on several research efforts to enhance our 
established sensory technologies for the detection of these types of analytes. 
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Figure 1.14. The structures of TNT, DMNB, TATP, RDX, PETN, and HMX. 
Hexafluoroisopropanol Groups. One approach to improve the performance of these 
sensory materials is to utilize strong hydrogen bond donor groups to enhance the binding of 
the analytes with the conjugated polymers through hydrogen bonding (Figure 1.15). 
Hexafluoroisopropanol (HFIP) groups are very strong hydrogen bond donors that have found 
wide application in chemical sensing as well as many other  application^.^^ HFIP groups can 
be derived from hexafluoroacetone, a reactive chemical that has its early history at Du~ont.3' 
HFIP groups are strong hydrogen bond donors due to the greatly electron-withdrawing nature 
of the geminal trifluoromethyl groups, which significantly increase the acidity of the 
hydroxyl g r o ~ p . 3 ~ ~  The pK, of HFIP is comparable to that of a phenol. Furthermore, the 
steric effects of the bulky trifluoromethyl groups prevent the HFIP groups from aggregating 
with a polymeric substrate and keep them deployed for interaction with external a n a l y t e ~ . ~ ~  
Finally, the electrostatic effect of the strongly hydrophobic geminal trifluoromethyl groups 
significantly reduces the role of water as an interferant in a sensor application.30b 
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Figure 1.15. A schematic illustration of the use of hexafluoroisopropanol (HFIP) groups to 
strengthen analytelpolymer binding through hydrogen bonding with a nitro group. 
Grate and co-workers pioneered the use of HFIP groups as hydrogen bond acidic 
sorbant coatings in surface acoustic wave (SAW) sensor In particular, sorbant 
coatings such as poly(si1oxane fluoroalcohol) (SXFA) have demonstrated significant affinity 
for certain hydrogen bond basic analytes such as nitro-aromatics as well as dimethyl 
methylphosphonate (DMMP), a nerve agent ~imulant? '~~~~ Coatings such as SXFA have 
been used in concert with other materials that present different pendant functional groups in 
arrays of SAW devices? These arrays can function as highly sensitive, mass-based 
detectors for a wide variety of analytes, by means of a fingerprinting type of assay. 
One limitation of this type of approach is that, although the SAW devices can be 
extremely sensitive to analyte sorption, there is poor selectivity. Therefore, such detection 
schemes require the employment of sensor arrays with different sorbant coatings as well as 
fairly complex analyte vapor preconcentration and delivery systems to be used in the 
detection of trace amounts of analytes such as RDX or PETN vapor in practical applications. 
Analyte pre-concentration is method where trace analytes can be sequestered in a high 
surface area sorbant material, and then released all at once through a rapid heating event and 
presented to the sensor." Such analyte pre-concentration schemes may indeed be necessary 
in our efforts for the detection of plastic explosives components. We are interested in using 
HFIP groups in concert with our highly porous, iptycene-containing polymers for these 
applications. 
Highly Stable Conjugated Polymers For OLED Applications. Organic light-emitting 
diodes (OLEDs) are a technology that will be employed in future display applications that 
are based on organic electronic  material^.^ A simple polymer-based OLED device is 
illustrated in Figure 1.16. A conjugated, light-emitting polymer (LEP) is sandwiched 
between a hole injection and transport layer (HITL), a low work function cathode (Ca or 
Mg), and a transparent, high work function, indium tin oxide (ITO) anode on a transparent 
substrate. The HITL layer is used to prevent exciton formation close to the cathode, where 
non-radiative processes can occur.3 The application of a sufficient bias (several volts) 
between the two electrodes generates electroluminescence through exciton (electron-hole 
pair) formation and radiative decay at the interface between the HITL and LEP layers. The 
color of the device is dependant on the band gap energy (E,) between the excited and ground 
states and can be controlled through tuning the structure or composition of the LEP layer. 
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Figure 1.16. A schematic illustration of a two-layer OLED with ITO/HITL/LEP/Ca or Mg 
(lef) and an energy level diagram of the device under forward bias showing the processes of 
charge injection, charge carrier recombination, and electroluminescence (right). 
There is commercial interest in the development of OLED technology for the 
production of future full-color displays.35 A significant limitation of the organic electronic 
materials that are presently used for these applications is their limited operating lifetimes due 
to oxidation processes that result in significant bleaching and device failure. OLED-based 
displays prepared from these materials can require extensive packaging that increases device 
cost and limits their utility in new applications. In particular, rapid bleaching of the blue- 
emitting component of these devices has prevented the entrance of many OLED-based full- 
color displays into the market. For poly(fluorene), a prime candidate for the blue-emitting 
component of full-color OLED displays, oxidation results in the formation of fluorenone 
defect sites along the polymer chain? These defects result in undesirable spectral changes 
(red-shifted emission) and a significant reduction in the electroluminescence quantum 
efficiency. Kim has demonstrated that conjugated polymers with perfluoroal kyl substituents 
are highly electron-deficient and demonstrate very high stability towards these photo- 
oxidation processes (Figure 1.17)." 
Figure 1.17. Kim has shown that an electron-deficient poly(pheny1ene vinylene) (PPV) (left) 
demonstrates greater stability toward photo-oxidation than an electron-rich PPV (center) or 
poly(diocty1fluorene) (right). 
Conclusion. In this chapter, we have discussed a few of the current limitations and future 
commercial interests that require the development of new organic materials for electronics 
applications. We have also shown that pressing domestic and national security threats 
demand the development new organic sensory materials for chemical and explosives 
detection applications. In this introduction, we have presented some of the basic molecular 
frameworks, functional groups, and technologies that will be utilized in this work and 
discussed some the background research into these areas that have been performed by the 
S wager group. 
Thesis Overview. This thesis will report the development of new types of polymers for 
electronics materials as well as chemical sensing applications. We begin with the 
development of some basic materials in Chapters 2 and 3 that may find application in such 
future electronics and sensor applications. In Chapter 2, we explore the development of 
highly porous poly(butadiene) polymers that are constructed from rigid, three-dimensional, 
organic frameworks. In Chapter 3, we report the development of several conducting 
polymers that present iptycene frameworks and are prepared by an electrochemical 
deposition process. In Chapter 4, we explore the role of HFIP groups in the enhancement of 
our established, conjugated polymer-based sensory technology. We discover that HFIP 
groups can significantly enhance the binding affinity of conjugated polymers towards certain 
hydrogen bond-accepting analytes. We also report in Chapter 5 that some highly porous 
iptycene-containing polymeric materials can be modified with HFIP groups through a solid- 
state functionalization reaction. This chemistry is achieved using the reactive chemical 
hexafluoroacetone. These materials are of interest for the development of sorbant materials 
for analyte pre-concentration applications. In Chapter 6, we explore the use of 
hexafluoroacetone and HFIP groups as a source of fluorination in new conjugated polymer- 
based electronic materials for organic light-emitting diode (OLED) displays, photovoltaic 
devices, and other applications. 
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Introduction 
Gordon Moore observed in 1965 that the complexity of an integrated circuit for 
minimum component cost doubles roughly every 2 years.' Dubbed Moore's law, this 
empirical observation has forecast innovation in the semiconductor industry for over thirty 
years. Through successive miniaturization, ever increasing numbers of transistors can be 
packed onto a single silicon wafer, resulting in faster microprocessors. This process also 
enables integrated circuit manufacturers to realize higher profits from each silicon wafer. In 
the last 20 years, feature sizes have decreased from 1 pm to 90 nm and the operating 
frequency of microprocessors has increased from 66 MHz to 4 GHZ? 
Although miniaturization increases the operating speed of a transistor (Figure 2. I), 
this is not the case for all of the components of an integrated circuit. At extremely small 
feature sizes, chip speed becomes dominated by the resistance-capacitance (RC) time 
~onstant.~ When metal lines are spaced closely together, local electric fields generated by 
current flowing through a metal wire can induce current to flow in the neighboring wires. In 
Figure 2.1, the problem of increased interconnect capacitance at small feature sizes in 
integrated circuits is illustrated. 
Source 
ate Dielectric 
Figure 2.1. A schematic illustration of a metal-oxide-semiconductor field effect transistor 
(MOSFET) (left) and an illustration of capacitance between closely-spaced copper 
interconnects (right). 
This interconnect delay can be described by Equation 1, where D is the signal delay 
time, p is the metal resistivity, E is the relative dielectric constant (E/E, = k), E, is the 
permittivity of free space, L and T are the length and thickness of the conductor, 
respectively, and P is the distance (linewidth) between the metal linesa3 
D = RC (sec) = 2 p e e , ( 4 ~ ~ / ~  + L ~ / T ~ )  
In order to avoid excessive RC delay at the small length scales in the next generation 
of chips, semiconductor manufacturers are developing new materials and fabrication 
technologies. One of the first major changes was the replacement of aluminum with copper 
for the metal interconnecting lines.23 This change was made because manufacturers wanted 
to make the interconnect lines thinner in future devices and this resulted in significant 
increases in the RC delay. Copper (1.67 p 8  cm) has a much lower resistivity than aluminum 
(2.65 p 8  cm) and has only 6% higher resistivity than silver (1.59 p 8  cm). Manufacturers 
have also changed device fabrication processes in order to utilize the established materials at 
much smaller feature sized Finally, there is a great deal of interest in the development of 
new interlayer dielectric materials with lower dielectric constants (low-k) than the presently 
employed silicon dioxide (Si02 k = 4).35 
In 2001, The International Technology Roadmap for Semiconductors (ITRS) 
predicted that by 2010, the dynamic random access memory (DRAM) 112 pitch feature size 
will be 45 nm and will require the employment of interlayer dielectric materials with an 
effective k value of <2. For the development of dielectric materials that are required for 
such low-k applications, it will necessary to move away from Si-0 based interlayer 
dielectrics to hydrocarbon-based materials that are less polarizable. 
Many groups have investigated using organic materials for low-k applications and 
incorporated them into integrated circuits either through chemical vapor deposition (CVD) or 
spin-on  method^.^ CVD methods are preferred by the semiconductor industry since CVD is 
currently used for the deposition of S i 4  and the process enables some control over material 
deposition. Materials for CVD typically demonstrate good thermal stability and are 
compatible with the presently employed semiconductor fabrication processes. Additionally, 
CVD is not a solvent-based process and problems associated with solvent removal and layer 
swelling are not a concern. This approach is ultimately limited by the small number of 
materials that are compatible with CVD processes. Additionally, the extension of CVD 
dielectrics to low-k applications (k < 2.2) is in doubt.' 
Spin-on dielectric coatings are of interest because they are considered to be 
extendable to very low k values and a wide variety of organic materials and polymers are 
compatible with solvent-based deposition processes. Unfortunately, poor mechanical 
properties and poor yields in device fabrication processes have limited the use of spin-on 
dielectrics in the semiconductor industry. For example, IBM had been using SiLK (Dow 
Chemical Co.), a spin-on aromatic hydrocarbon-based dielectric in its 130 nm devices since 
2000.~ However, due to manufacturing problems with the SiLK material, IBM moved back 
to CVD-based materials, such as Applied Materials Black Diamond low-k coating, in its 90 
nm feature-sized chips. In Figure 2.2 we illustrate the structures of various CVD and spin-on 
dielectric coatings. 
Figure 2.2. The structures of some commercial organic dielectric coatings that are 
depositable by CVD include (a) Parylene N (X = H) and Parylene F (X = F). Solution- 
depositable materials include (b) aromatic polyimides, (c) fluorinated poly(ary1ether)s 
(FLARE, Honeywell), and (d) cross-linked network polymers (SiLK, DOW Chemical CO.).~ 
In order to realize interlayer dielectrics with k values below 2.2, it will be necessary 
to incorporate porosity or air-gaps (k - 1) into the materials. There is current interest in the 
development of new materials for dielectric layer applications that are either intrinsically 
porous, or utilize porogens as a means to introduce porosity into the dielectric.' In Figure 2.3 
we illustrate the use of porogens to incorporate porosity into a material for low-k 
applications. 
Figure 2.3. A schematic illustration of the employment of porogens to prepare porous low-k 
dielectrics. (a) deposit a solution of a pre-polymer and a porogen, (b) pre-polymer cure 
(cross-linking), (c) vaporize porogen. 
This approach is limited because such porous materials can be difficult to integrate 
into the dual damascene processes that are presently employed in integrated circuit 
fabrication.'* Here, dielectric layers must be deposited onto complex architectures and 
numerous metal levels. High porosity can also result in copper diffusion into the dielectric 
that jeopardizes device reliability and decreases the operating lifetime."" Furthermore, high 
levels of porosity can compromise the structural integrity of the dielectric material, making it 
prone to damage during subsequent fabrication processes. Also, it is undesirable to have to 
remove solvent or porogens in a subsequent step, as this adds cost to the fabrication process 
and can introduce contamination into later steps. 
To address some of these limitations, our group has investigated the internal free 
volume excluded by rigid iptycene frameworks as a means to develop polymeric materials 
that demonstrate high porosity in the solid state (Figure 2.4). This is a different approach for 
the introduction of porosity into dielectric materials, as the polymers are compatible with 
solvent-based spin-on processes yet do not require any post-deposition processing or 
pyrolysis steps. 
Figure 2.4. Triptycene and an illustration of its internal free volume. 
Long has shown that the incorporation of rigid iptycene frameworks into the main 
chain of a polymer can result in a significant reduction in the dielectric constant.'* This is a 
general method for the development of materials with high solid-state porosity that has been 
employed by our group for a variety of electronics12, sensory13, and materials" applications. 
Long has reported an iptycene-containing poly(ary1 ether) that meets many of the 
requirements for a future spin-on low-k interlayer dielectric (Figure 2.5).12 
Figure 2.5. A triptycene-containing, fluorinated poly(arylether).12 T, z 500 'C, T, = 508 'C, 
k = 2.1 at 4 GHz, Young's modulus = 21 GPa (Polystyrene = 3 GPa), Hardness of 7.2 GPa. 
As part of an ongoing research effort in this area, we were investigating the synthesis 
of new iptycene-containing polymers and discovered that certain butadiene-elaborated 
molecules, when heated to temperatures greater than 150 'C, would undergo rapid 
polymerization. The product polymers present rigid, 3-dimensional frameworks that are 
expected to enforce some porosity in the solid state. The polymers are soluble and of high 
molecular weight and were characterized by a number of modem analytical methods. While 
the synthesis of "decameric material" from a butadiene-elaborated scaffold has been 
previously mentioned in the literature, a detailed report of the synthesis of high molecular 
weight polymers and their characterization has not been made.15 Herein, we report the 
synthesis and characterization of a series of high molecular weight poly(butadiene)s that 
present rigid molecular frameworks. We envision such polymers finding application as low- 
k interlayer dielectric materials or as components in polymer blends that may enhance 
performance and material properties. 
Results and Discussion 
Monomer Synthesis. The synthesis of monomer 1 has been previously reported15*16 
and is illustrated in Scheme 2.1. The Diels-Alder adduct'' of maleic anhydride and 
anthracene (95% yield) is reduced with lithium aluminum hydride to afford a diol18 (76% 
yield). ~osy la t ion '~  (69% yield), followed by treatment with potassium tert-butoxide 
provides monomer 1 (92% yield). 
Scheme 2.1. Synthesis of monomer 1 
a) maleic anhydride, dioxane, reflux, 95% b) LiAlH4, THF, 76% (R=H) c) p-TsC1, pyridine, 
69% (R=Ts) d) KOtBu, THF, 92% 
The synthesis of monomer 2 is illustrated in Scheme 2.2. The crude Diels-Alder 
adduct of tetracene and 1,4-dichloro-2-butene (a mixture of cis- and trans- isomers), 4, is 
treated with potassium tert-butoxide to yield monomer 2 (75% yield). 
Scheme 2.2. Synthesis of monomer 2 
4 
a) 190 'C b) KOtBu, DMSO, THF (75%, two steps) 
The synthesis of monomer 3 requires five steps from 1,4 anthraquinone. The route 
pursued, which incorporates the method of Patney, et al., is outlined in Scheme 2.3." The 
Diels-Alder adduct (87% yield), from the Lewis acid-catalyzed reaction of anthracene and 
1,4 anthraquinone, is reduced with LiAlH, to give a diol. The crude product is used without 
additional purification. Tosylation and the subsequent elimination of p-TsOH affords a 
triptycene in acceptable yield (46%). The Diels-Alder adduct with 1,4-dichoro-2-butene (a 
mixture of cis- and trans- isomers) (87% yield) is then treated with potassium tert-butoxide 
to give monomer 3 (80% yield). 
Scheme 2.3. Synthesis of monomer 3 
a) anthracene, AlCl,, CH2C12, 87% b) LiAlH,, EhO c) p-TsCl, pyridine (46%, over 2 steps) 
d) 1,4-dichloro-2-butene, 190 'C, 87% e) KOtBu, THF, DMSO, 80% 
Polymer Synthesis. The diene monomer 1 was heated to slightly above its melting 
point, where it polymerized to form P1 (70% yield) with high molecular weight, (M, = 3 10 
000 Da) (Scheme 2.4). Slow evaporation of a concentrated solution of P1 casts glassy, 
optically transparent, films. Thin fibers can also be drawn from molten polymer. Thermal 
homolysis of adventitious peroxides may serve as the radical initiator for this 
polymerization." In order to gain insight as to whether this mechanism might be occurring, a 
radical inhibition experiment employing 1,4 benzoquinone as the inhibitor (5 mol%) was 
performed. Although some polymerization did occur when the reaction mixture was heated 
to 165 'C, the degree of polymerization was significantly reduced. Thermal polymerization 
of monomer 2, was performed in the same manner as that of monomer 1, to afford polymer 
P2 (M, = 86 000 Da). Although the polymeric reaction product is only sparingly soluble in 
common organic solvents, a soluble fraction (32% yield) can be taken up in THF with 
heating and vigorous sonication. The melting point of monomer 3 (282 'C) is 125 'C higher 
than that of monomer 1 (157 'C). As a result, thermal polymerization of 3 in the melt does 
not occur without decomposition. For the polymerization, it was necessary to dissolve 
monomer 3 in a minimal amount of THF. Consequently, the degree of polymerization of P3 
(M, = 18 000 Da) (55% yield) is considerably less than that of PI. 
Scheme 2.4. Synthesis of poly(butadiene)s PI, P2, and P3 by thermal polymerization of 
butadiene monomers. 
3 
a) 165 'C. b) 165 "C, THF 
Polymer Characterization. Polymers PI ,  P2, and P3  were analyzed by GPC, DSC, 
and ellipsometry. The polymer and monomer physical properties are listed in Table 2.1. 
When compared to a similar hydrocarbon polymer that possesses minimal intrinsic internal 
free volume, such as polystyrene (qsu = 1.588), the refractive indices of the polymers can 
give an indication of the amount of internal free volume incorporated by the iptycene 
scaffolds. The square of a material's refractive index corresponds to the dielectric constant 
of the material at optical frequencies. From the refractive index data, it is apparent that both 
polymers P1  and P3 have significantly lower optical dielectric constants, (k = q2  = 2.47 and 
2.35, respectively) than polystyrene (q2 = 2.52). Polymer P 3  incorporates the greatest 
amount of internal free volume due to the additional triptycene moiety and has the lowest 
optical dielectric constant of all three poly(butadiene)s. The calculated optical dielectric 
constant for polymer P3  (k = 2.35) is quite low for any organic polymer. For polymer P2, 
the greater polarizability of the naphthalene component of the polymer increases the 
refractive index and prevents direct comparison to polymers P1  and P3. The naphthalenes 
also enable greater inter-polymer n-associations, that may explain the poor solubility of 
polymer P2. The increased glass transition temperature of polymer P2 is likewise consistent 
with such interactions. 
Table 2.1. Physical data for polymers PI ,  P2, and P3. 
I P2 1 2 (153 "C) 1 86 KDa 1 116 KDa 1 1.4 1 233 "C 1 1.635 1 2.67 1 
Poly 
P1 
I P3 1 3 (282 "C) 1 18 KDa 1 54 KDa 1 3.0 1 204 "C 1 1.533 1 2.35 1 
I I I I 
" In order to rule out the possibility that polymer aggregation may result in inaccurate 
Monomer 
(MP 'C) 
l(157'C) 
molecular weight determination by GPC (1 mg/mL sample concentration), additional runs 
were performed at higher dilution. (0.5 mg/mL, and 0.1 mg/mL) In all cases, molecular 
weights determined by GPC gave good agreement to those reported above. 
In related work, our group has demonstrated that several types of iptycene-containing 
polymers, including poly(ary1ether)s and polymers that were prepared by ring-opening 
metathesis polymerization (ROMP), also exhibit much lower dielectric constants than similar 
polymers that lack iptycene frameworks and do not present significant amounts of internal 
free volume in the solid state.'* This was shown by direct measurement of the polymer's 
dielectric constant through the construction of metal-insulator-metal capacitors as well as the 
measurement of the refractive indices of thin-films of the polymers by ellipsometry. 
The ellipsometry results for polymers P I ,  P2, and P3 have further demonstrated the 
principle that the incorporation of iptycene moieties as structural elements into the main 
chain of a polymer is a general method for the reduction of the dielectric constant of a 
material. There is no other explanation of the observed trends than decreased density of the 
material coupled to the systematic increase of the internal free volume of the iptycenes 
incorporated into the polymers. Although both polymers P1 and P2 do not actually contain 
iptycenes, we did expect the rigid, 3-dimensional frameworks to incorporate some internal 
M z  
310KDa 
Mw 
630KDa 
PDI 
2.0 
Tg 
145 "C 
rl(633 nm) 
1.572 
q2 
2.47 
free volume into the material. In this work, the instability of the poly(butadiene) polymers 
PI,  P2, and P3 under high temperatures precluded construction of metal-insulator-metal 
capacitor devices that would have enabled another means for the measurement of the 
dielectric constants of the polymers. 
Conclusion. Several high molecular weight, iptycene-containing polymers have been 
synthesized through a thermally-initiated radical polymerization of butadiene monomers. 
Due to their rigid, 3-dimensional superstructure, these polymers cannot closely aggregate and 
can present significant amounts of internal free volume in the solid state. The high porosity 
of these materials is reflected by their low optical dielectric constants. Such materials may 
be useful for a variety of emerging applications. Similar polymers, that demonstrate higher 
thermal stability, could find application as low-k dielectric coatings for integrated circuit 
manufacture. These polymers may also find utility as components of certain polymer 
formulations for materials applications. 
Experimental Section 
General Methods and Instrumentation. All chemicals were of reagent grade from Aldrich 
Chemical Co. (St. Louis, MO) and used as received. All synthetic manipulations were 
performed under an argon atmosphere using standard Schlenk techniques unless otherwise 
noted. Glassware was oven dried before use. Column chromatography was performed using 
Baker 40 pm silica gel. All organic extracts were dried over MgSO, and filtered prior to 
removal with a rotary evaporator. Monomers 115 and 321 were synthesized according to 
literature procedures with a number of trivial modifications. 
NMR spectra were obtained on Varian Mercury (300 MHz) and Varian Inova (500 
MHz) instruments. NMR chemical shifts are referenced to CHC1,ITMS (7.27 ppm for 'H, 
77.23 ppm for 13C). Mass spectra (MS) were obtained at the MIT Department of Chemistry 
Instrumentation Facility (DCIF) using a peak-matching protocol to determine the mass and 
error range of the molecular ion. Fourier-Transform Infrared (FI'-IR) spectroscopy was 
performed on a Perkin Elmer Model 2000 IT-IR spectrophotometer using the Spectrum v. 
2.00 software package. 
All polymer solutions were filtered through 0.45 pm syringe filters prior to use. 
Polymer molecular weights were determined on a HP series 1100 GPC system in THF (1 
mgImL, 0.5 mgImL, and 0.1 mgImL sample concentrations) at room temperature versus 
polystyrene standards. Transition temperatures were determined by differential scanning 
calorimetry using a TA Instruments (New Castle, DE) QlOOO DSC at scan rates of 10 'C I 
min. Film thicknesses were measured using a Veeco (Woodbury, NY) Dektak 6M Stylus 
profilometer. Ellipsometry was performed on polymer films spin-coated onto silicon 
substrates with a Gaertner Scientific (Chicago, IL) Three Wavelength Variable Angle 
Ellipsometer. 
Melting points were measured with a Meltemp I1 apparatus and are reported 
uncorrected. 
13,14-Dichloromethyl-5,12-dihydro-5,12-ethanonapthacene (4). Into a 100 mL heavy 
walled glass tube with a teflon screwcap closure were added tetracene (0.81 g, 4 mmol) and 
19-dichloro-2-butene (13.35 g, 107 mmol, as a mixture of cis- and trans- isomers) under Ar. 
The tube was sealed and heated to 190 'C for 48 hrs. The dark mixture was then cooled to 
room temperature. The solvent was distilled off (75 mTorr, 75 "C), and the black residue 
was purified by column chromatography (silica gel) with hexane- methylene chloride (2: 1) as 
eluent to yield 1.36 g of compound 4 as a crude mixture of cis, trans, exo, and endo isomers. 
The compound was used without additional purification. mp 137-147 'C. 'H NMR (300 
MHz, CDCI,) Note: the spectrum is too complex to assign the individual isomers: 6 7.85- 
7.76 (m, 4H), 7.50-7.36 (m, 4H), 7.25-7.18 (m, 2H), 4.70 (dd, 2H, J = 1 , 6  Hz), 3.50 (dd, 2H, 
J = 4, 1 1 Hz), 3.02-2.86 (m, 2H), 2.64-2.52 (m, 2H). 13c NMR (75 MHz, CDC13): 6 142.6, 
140.6, 139.8, 137.6, 132.6, 127.8, 126.9, 126.7, 126.0, 125.9, 125.8, 124.2, 122.2,46.7,46.6, 
44.6, 44.6, 44.5, 44.0. FI'-IR (KBr): vlcm-l: 3048, 3016, 2961, 1502, 1479, 1443, 1298, 
1263, 888,750. MS (EI): Calcd. for C2,Hl,C12 (M+), 352.0780, found 352.0790. 
13,14-Dimethylene-5,12-dihydro-5,12-ethanonapthacene (2) .  Into a 250 mL round 
bottom flask under Ar, were added potassium tert-butoxide (1.24 g, 11 mmol), 13,14- 
dichloromethyl-5,12-dihydro-5,12-ethanonapthacene (4) (1.18 g, 3 mmol), THF (1 1 mL) and 
DMSO (22 mL). The dark green mixture was stirred at room temperature for 36 hrs. The 
reaction was quenched by pouring over ice water. The suspension was extracted with ether 
(300 mL), washed with brine (100 mL) and dried over MgSO,. After filtration and 
evaporation to dryness, the product was purified by column chromatography (silica gel) with 
hexane as the eluent to give 0.70 g (75% yield) of 2 as a white powder. mp: 153-156 'C. 'H 
NMR (300 MHz, CDCl,): 6 7.79-7.76 (m, 4H), 7.43 -7.36 (m, 4H), 7.16 (dd, 2H, J = 3 ,6  Hz), 
5.36 (s, 2H), 5.21 (s, 2H), 5.01 (s, 2H). 13c NMR (75 MHz, CDCld: 6 144.1, 141.7, 139.8, 
132.7, 127.8, 126.8, 125.7, 123.7, 121.7, 105.9, 55.3. FT-IR (KBr): ~ l c m - ~ :  3059, 3009, 
2957, 1617, 1500, 1476, 1458, 1445, 1215, 887, 747. MS (EI): Calcd. for C22Hl, (M+), 
280.1247, found 280.1246. 
Polymer PI. Into a 25 mL Schlenk tube under argon, was added 1 (0.10 g, 0.4 mmol). The 
compound was slowly stirred and heated to 165 'C for 1 hr. After cooling to room 
temperature, the polymeric product was dissolved in a small amount of THF (2 mL) and then 
precipitated into MeOH (20 mL). The white precipitate was isolated by centrifugation and 
dried under vacuum (0.07 g, 70%). PI :  GPC (THF): M, = 310K Da M, = 630K Da. 'H 
NMR (500 MHz, CDCI,): 6 7.11 (aromatic C-H, 2H), 6.88 (aromatic C-H, 2H), 4.70 
(aliphatic C-H, 2H), 2.13 (aliphatic C-H, 4H). 13c NMR (125 MHz, CDCl,): 6 146.4, 143.2, 
124.6, 122.7,55.4,29.2. IT-IR (KBr): vlcm-': 2948, 1457, 1217,743,668,635. 
Polymer P2. Into a 25 mL Schlenk tube under argon, was added 2 (0.10 g, 0.4 mmol). The 
compound was slowly stirred and heated to 165 'C for 1 hr. After cooling to room 
temperature, the sparingly soluble polymeric product was partially dissolved in THF (2 mL) 
by sonication. After removal of the insoluble polymer by filtration, the soluble fraction was 
then precipitated into MeOH (20 mL). The white precipitate was isolated by centrifugation 
and dried under vacuum (0.03 g, 32%). P2: GPC (THF): M, = 86K Da M, = 116K Da. 'H 
NMR (500 MHz, CDCI,): 6 7.70-7.54 (aromatic C-H), 7.46-7.28 (aromatic C-H), 7.22-7.02 
(aromatic C-H), 6.96-6.84 (aromatic C-H), 4.70-4.55 (aliphatic C-H), 2.15- 1.91 (aliphatic C- 
H). FT-IR (KBr): vlcm-': 3008,2950, 1472, 1457, 1215, 886,746. 
Polymer P3. Into a 25 mL Schlenk tube under argon, were added 3 (0.06 g, 0.1 mmol) and a 
minimal amount of THF (0.2 mL). The reaction was heated to 165 'C for 24 hours. The 
reaction mixture was then cooled to room temperature, dissolved in additional THF (1 mL), 
and slowly precipitated into MeOH (20 mL). The white precipitate was isolated by 
centrifugation and dried under vacuum (0.03 g, 55%). P3: GPC (THF): M, = 18K Da M, = 
54K Da. 'H NMR (500 MHz, CDCI,): 6 7.50-6.85 (aromatic C-H), 5.42-5.25 (aliphatic C- 
H), 4.79-4.55 (aliphatic C-H), 2.40-1.90 (aliphatic). FI'-IR (KBr): vlcm-': 3067, 3007,2952, 
1457,1217, 1183,1021,886,744,627. 
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Chapter 3 
Synthesis and Electrochemical Characterization of 
Iptycene-Containing Poly(pheny1ene thienylene)~ 

Introduction 
In Chapter 2, we presented the development of new, highly porous, insulating 
polymers for low-k dielectric applications. In this chapter, we discuss our efforts to develop 
conducting polymers, which also present rigid iptycene frameworks, for future electronics 
applications. 
There is currently great interest in conducting polymers for the development of thin- 
film materials for electronics applications such as anti-static coatings, electro-mechanical 
actuators, and also as components of organic light-emitting displays.' Materials of interest 
for these respective applications include highly-optimized poly(thiophene), poly(pyrro1e) or 
poly(pheny1ene viny1ene)-based conducting polymer systems.'" There is also interest in the 
development of conducting polymers that also present some additional functionality for 
chemical sensing  application^.^ 
Our group has previously investigated the incorporation of pendant functional groups, 
specially-designed molecular "hinges'", or other structural features4 into conducting 
polymers for the development of novel chemo-resistive sensory materials5, as well as 
polymers that may function as electro-chemo-mechanical  actuator^.^ For many of these 
applications, it is important that the functional polymers are highly conductive, demonstrate 
good film-forming properties on electrode surfaces, and possess well-behaved 
electrochemistry. 
Our group has also previously demonstrated that the incorporation of rigid iptycene 
groups as structural elements into the main chain of a polymer can enable polymeric 
materials to demonstrate increased porosity in the solid state. Conjugated polymers that 
contain rigid pentiptycene groups have demonstrated greatly increased solid-state 
luminescence and greatly decreased solid-state aggregati~n.~ Other polymers that contain 
iptycene frameworks are of interest in low-k dielectric coating  application^.^ Additionally, 
the incorporation of iptycene groups generally increases the alignment of small molecules or 
polymers dissolved in liquid crystal and polymeric hosts.g We are interested in the 
incorporation of rigid iptycene frameworks into electrically-conducting polymeric materials 
that can be prepared through an electrochemical deposition process. We envision developing 
highly porous materials for chemo-resistive sensor applications. These types of materials 
have not been previously investigated and we believe that a study of some basic systems was 
warranted to determine the particular limitations of such materials. 
Herein, we report the synthesis of two iptycene-containing monomers that can be 
polymerized by an electrochemical deposition process. We characterize the electro- 
deposited iptycene-containing polymer films by several techniques. These materials 
demonstrate well-behaved electrochemical behavior and derivatives of these basic materials 
may be of future interest for a variety of sensing and electronics applications. 
Results and Discussion 
Monomer Synthesis. The synthesis of monomer 4 (Scheme 3.1) begins with the 
synthesis of triptycene hydroquinone (2). Compound 2 is easily prepared by literature 
methods1° from the Diels-Alder adduct of anthracene and 1,4benzoquinone (1). Treatment of 
2 with perfluoro-1-butanesulfonyl fluoride and triethylamine affords dinonaflate 3 in good 
yield (82%). Stille-type cross-coupling of 3 and 2-tri-n-butylstannyl-thiophene in DMF with 
Pd(PPh,),Cl, as a catalyst yields monomer 4, which presents a triptycene moiety, in 87% 
yield. 
Scheme 3.1. Synthesis of monomer 4 
(a) 1,4 benzoquinone, xylenes, 137 'C, 74% (b) HBr, AcOH, 118 'C, 69% (R = H) (c) 
C4FgS02F, Et,N, THF, 55 'C, 82% (R = S02C4Fg) (d) 2-tri-n-butylstannyl-thiophene, 
Pd(PPh,),Cl,, DMF, 90 'C, 87% 
Monomer 8 (Scheme 3.2) is prepared in 4 steps from 5,14 dihydro-5,14[1',2'] 
-benzenopentacene (prepared in 3 steps from anthracene and 1,4 anthraquinone).ll The crude 
Diels-Alder adduct with 1,4-benzoquinone (9, a mixture of exo- and endo- isomers, is 
isomerized to the hydroquinone 6 by treatment with HBr in acetic acid. Preparation of 
dinonaflate 7 (25%) and Stille cross-coupling with 2-tri-n-butylstannyl-thiophene gives the 
pentiptycene-containing monomer 8 in 88% yield. 
Scheme 3.2. Synthesis of monomer 8 
(a) 1,4 benzoquinone, xylenes, 137 'C, 72% (b) HBr, AcOH, 118 'C, 88% (R = H) (c) 
C4FgS0,F, Et3N, THF, 55 'C, 25% (R = S02C4Fg) (d) 2-tri-n-butylstannyl-thiophene, 
Pd(PPh3),C12, DMF, 90 'C, 88% 
For comparison, a simple monomer that lacks an iptycene framework was prepared 
from 1,4-hydroquinone (Scheme 3.3). The dinonaflate 9 (94%) underwent Stille cross- 
coupling with 2-tri-n-butylstannyl-thiophene in a quantitative yield of the desired monomer 
Scheme 3.3. Synthesis of monomer 10 
(a) C4FgS0,F, Et3N, THF, 55 'C, 94% (R = S02C4Fg) (b) 2-tri-n-butylstannyl-thiophene, 
Pd(PPh3),C12, DMF, 90 'C, 100% 
Electropolymerization. The electrochemical deposition of polymers P 1 ,  P 2, and P3 
(Scheme 3.4) from monomers 10,4, and 8 was achieved by oxidative coupling under swept 
potential conditions. (see the experimental section for the details of the electrochemical cell 
setup) Figure 3.1 shows cyclic voltammograms (CVs) of the electro-polymerization process. 
While monomer 10 underwent oxidation at approximately 0.70 V versus the ferrocene I 
ferrocenium redox couple (FclFc'), both monomers 4 and 8 were oxidized near 0.95 V. We 
suspect that oxidation of monomers 4 and 8 occurs at a slightly higher potential than 
monomer 10 due to steric effects of the bridgehead hydrogens in the proximal iptycene 
frameworks. The steric bulk makes it more difficult for the pendant thiophene groups to 
achieve the co-planarity with the phenylene that is necessary for the formation of an 
extended conjugated system to occur. Upon subsequent scans, all three monomers 
demonstrated the appearance of lower oxidation potential onsets. This indicates deposition 
of an electro-active polymer on the electrode surface. Table 3.1 summarizes the 
electrochemical results of the monomers (4,8, and 10) and polymers (PI ,  P2, and P3) 
studied in this work. All three monomers deposited as fairly thick, albeit brittle, films onto 
steel plate or platinum button electrodes. Films of polymers P2 and P 3  were difficult to 
prepare on indium tin oxide-coated (ITO) glass. As a result, UV-vis spectro-electrochemical 
characterizations of these polymer films were not performed. 
Scheme 3.4. Electro-polymerization of monomers 4 , s  and 10. 
(a) Electro-polymerization of monomers 10 (PI), 4 (P2), and 8 (P3) under swept potential 
conditions in CH2C12 containing ca. 8 mM of monomer and 0.1 M TBAPF, as a supporting 
electrolyte. 
Potential (V vs FCIFC?) 
Figure 3.1. Electro-polymerization (100 mV/s) of (a) 10, (b) 4, and (c) 8 on Pt button 
electrodes in CH2Cl, with 0.1 M TBAPF, as a supporting electrolyte. The first scan is 
represented by a dotted line. 
Table 3.1. Electrochemical results: Monomer Oxidation Potentials (E ,  ,) and Polymer 
Oxidation/Reduction Potentials (E, JEc, ,) 
"All potentials measured versus FcIFc' at a scan rate of 25 mV/s in CH2C12 with 0.1 M 
TBAPF, as a supporting electrolyte. 
The scan rate dependence of the deposited polymer films is shown in Figure 3.2. At 
low scan rates, well defined anodic and cathodic peak potentials for all three polymers (PI, 
P2, and P3) are observed. All three polymers show fairly linear increases in current up to 
scan rates of 200 mVls. P1  demonstrates two peaks in both the oxidation and reduction 
waves that coalesce as the scan rate is increased. The CVs of P2 and P3  demonstrate similar 
electrochemical features at various scan rates. 
I " " ' " " ' " "  " " " " " " " " ' I I " " " " " " "  " " " ' " " ' " " ' 1  
Potential (V vs FCIF~) 
Figure 3.2. CVs of P 1  (lef), P2 (center), and P3  (right) at different scan rates: (a) 25 mVls 
(b) 50 mV1s (c) 75 mVls (d) 100 mV1s (e) 150 mV1s (f) 200 mV1s (g) 250 mVls. 
In-situ Conductivity Measurements. Drain current measurements of polymer films 
deposited onto inter-digitated microelectrodes (IMEs) (Figure 3.3) can provide an 
approximation of the conductivity of some electro-deposited conjugated polymer films.12 
The IME functions as a simple transistor where the deposited electro-active polymer 
functions as the semiconductor. A small offset potential, V,, is applied between the inter- 
digitated electrodes that function as the source and drain of the transistor. Oxidation of the 
polymer by the application of a sufficient gate voltage, V,, between the IME and reference 
electrode can result in the flow of a drain current, id, between the source and drain that can be 
measured by the bipotentiostat. 
, , interdigitated microelectrode 
protection layer 
,Counter electrode 
, Reference electrode 
VG conducting polymer film 
"Source" "Drain" 
=ikif% insulating 
I " d f i  substrate 
Figure 3.3. A schematic of an inter-digitated microelectrode (top) and an electrochemical 
cell for the in-situ measurement of the drain current through a conducting polymer film 
(bottom). l2 
From the in-situ measurement of the drain current and determination of the film 
thicknesses by profilometry, values for the conductivity (a )  of deposited films can be 
calculated using Equation 1 ."I3 
a = (id/ Vd) x (W I NTL) x A 
Where id and Vd are the drain current and offset potential, respectively, W is the 
spacing between the electrodes (5 pm), N is the number of gaps between the electrodes (99), 
T is the polymer film thickness, and L is the length of the electrode (0.5 cm). A (1.3 x lo5 S 
cm") is a correction factor from an external standard, poly(3-methyl thiophene) (60 S cm- 
1 13a,b,e 1 
The results of the IME measurements for films of P I ,  P2, and P3 are illustrated in 
Figure 3.4. For polymers P2 and P3  we observe that the drain current onset potentials for 
both polymers are approximately 0.4 - 0.5 V higher than in the case of polymer PI .  We 
observe that polymers PI,  P2, and P3 display similar drain current profiles, although both P2 
and P3 do not appear to show any hysteretic behavior. Polymer P3  appears to be unstable at 
higher potentials under the slow scan rates used in these measurements (5 mVls) and 
demonstrates considerable reduction in drain current upon subsequent scans. 
-0.2 0 0.2 0.4 0.6 0.8 1 1.2 
Potential (V vs FCIFC?) 
Figure 3.4. CVs (dotted line) and in-situ drain current measurements (solid line; at a scan 
rate of 5 mV/s with an offset potential of 40 mV) of (a) PI, (b) P2, and (c) P3 on 5 pm inter- 
digitated Pt microelectrodes in CH,Cl, with 0.1 M TBAPF, as a supporting electrolyte. 
Conductivity values of polymers P I ,  P2, and P3  were calculated using equation 1 
from the maximum drain current, id, measured from the in-situ IME experiment and the 
polymer film thicknesses, T, measured by profilometry (Table 3.2). We find that while 
polymer P 1  and the triptycene-containing polymer P 2  display conductivity of similar 
magnitude, the incorporation of the larger pentiptycene framework in polymer P 3  results in 
significant reduction in the conductivity of the polymer. We suspect that the large iptycene 
framework enables greater inter-chain spacing that may restrict inter-chain charge-hopping 
conduction pathways. The much larger framework appears to make the films so insulating 
that such high potentials are required for the polymer oxidation that polymer decomposition 
becomes a more favorable process. 
Table 3.2. Calculated conductivities of polymers P 1 ,  P 2, and P 3 based on the IME 
measurements. 
"The maximum drain current measured from the IME experiment (Figure 3.4). b~olymer 
film thicknesses were measured by profilometry (see experimental section for details of these 
measurements). T h e  conductivities for polymers P I ,  P2,  and P3 were calculated using 
Equation 1 and the values of id and T listed in this table. 
Polymer 
P1 
P2 
P3 
id @A)" 
270 
220 
30 
T @m)b 
0.6 
0.9 
1.3 
a (S cm")' 
2 x lo2 
1 x lo2 
1 x 10' 
Conclusion. Two new electro-polymerizable monomers that present pendant iptycene 
frameworks have been synthesized and polymerized by an electrochemical deposition 
process. The electrochemical properties of these polymers have been compared to a similar 
polymer that lacks an iptycene framework. We find that the incorporation of iptycene groups 
results in shifts of the monomer and polymer oxidation potentials to higher voltages. In-situ 
conductivity measurements indicate that the triptycene-containing conducting polymer 
demonstrates conductivity similar in magnitude to the parent system. The pentiptycene- 
containing polymer shows significantly reduced conductivity compared to these systems due 
to severely reduced inter-chain charge transport processes. We are interested in the further 
development of related materials for highly-porous chemo-resistive sensing devices and 
other emerging electronic materials applications. 
Experimental Section 
General Methods and Instrumentation. All chemicals were of reagent grade from Aldrich 
Chemical Co. (St. Louis, MO) and used as received. All synthetic manipulations were 
performed under an argon atmosphere using standard Schlenk line or drybox techniques 
unless otherwise noted. Dimethylformamide (DMF) was distilled under reduced pressure 
over calcium hydride before use. Glassware was oven dried before use. Column 
chromatography was performed using Baker 40 pm silica gel. All organic extracts were 
dried over MgSO, and filtered prior to removal with a rotary evaporator. 
Dichlorobis(tripheny1phosphine)palladium (2) was purchased from Aldrich and used as 
received. Triptycene hydroquinone (2)" and 5,14 dihydro-5,14[1',2'] -benzenopentacenel1 
were prepared according to literature procedures. 
'H NMR, 13C NMR, and 1 9 ~  NMR spectra were obtained on Varian Mercury (300 
MHz), Bruker Avance-400 (400 MHz), and Varian Inova (500 MHz) instruments. NMR 
chemical shifts are referenced to CHC1,ITMS (7.27 ppm for 'H, 77.23 ppm for 13C) or to 
other residual solvent proton resonances. For 1 9 ~  NMR spectra, trichlorofluoromethane was 
used as an external standard (0 ppm) and upfield shifts are reported as negative values. Mass 
spectra (MS) were obtained at the MIT Department of Chemistry Instrumentation Facility 
(DCIF) using a peak-matching protocol to determine the mass and error range of the 
molecular ion. Fourier-Transform Infrared (FT-IR) spectroscopy was performed on a Perkin 
Elmer Model 2000 FLIR spectrophotometer using the Spectrum v. 2.00 software package. 
Electrochemical studies were performed using an Autolab PGSTAT 10 or PGSTAT 
20 potentiostat (Eco Chemie) in a three-electrode cell configuration consisting of a quasi- 
internal Ag wire reference electrode (BioAnalytical Systems) submerged in 0.01 AgN0,I 0.1 
M tetrabutylammonium hexafluorophosphate (TBAPF,) in anhydrous CH,CN. Depending on 
the particular experiment, the working electrode was either a Pt button electrode (1.6 mm in 
diameter) or a 5 pm inter-digitated Pt microelectrode (for in-situ conductivity 
measurements). 
For the in-situ conductivity measurements, polymer films were electrochemically 
deposited on 5 pm inter-digitated Pt microelectrodes and placed in a monomer-free solution. 
Drain current measurements were typically carried out at a 5 mVls scan rate with a 40 mV 
offset potential between the two working electrodes. The conductivity was then calculated 
from the value of the drain current by applying geometrical factors and also corrected with a 
known material, poly(3-methylthiophene), at 60 Slcm. The polymer film thickness for the 
conductivity calculation was measured with a surface profilometer (Veeco Dektak 6M Stylus 
Profiler). The baseline (A) of a bare inter-digitated microelectrode was first obtained. Next, 
the surface profile (B) of a given polymer film on the electrode was measured. Several 
values of A and B were taken to get averages of each. The thickness was determined by 
subtracting the averaged value of A from the averaged value of B. 
Melting points were measured with a Meltemp I1 apparatus and are reported 
uncorrected. 
l,4-Bis-(nonafluorobutane-1-sulfony1)-triptycene (3). Into a 250 mL Schlenk tube with a 
magnetic stirring bar, were added 1.00 g (3.5 mmol) of triptycene hydroquinone, and 2.80 g 
(9.3 mmol) of perfluoro-1-butanesulfonyl fluoride. 15 mL of THF and 1 mL (7.2 mmol) 
triethylamine were then added and the mixture was heated to 55 'C for 18 hours. After 
cooling to room temperature, the solvent was removed under reduced pressure. The residue 
was purified by column chromatography (0-50% ethyl acetate in hexanes) to yield 2.44 g 
(82%) of a crystalline solid. mp: 230 - 232 'C. 'H NMR (500 MHz, CDCI,): 6 7.49 (dd, 4H, J 
= 3, 6 Hz), 7.11 (dd, 4H, J = 3, 6 Hz), 7.05 (s, 2H), 5.86 (s, 2H). ',c NMR (125 MHz, 
CDCI,): 6 143.4, 143.0, 142.1, 126.4, 124.8, 120.2, 48.8. '?F NMR (282 MHz, CDCI,): 6 - 
80.8 (m, 6H), -109.2 (m, 4H), -120.9 (m, 4H), - 126.0 (m, 4H). FT-IR (KBr): v/cm-': 3020, 
1471, 1427, 1410, 1353, 1215, 1145,756,669. MS (ESI): calcd for CBH12F180,S2 (M+Na)', 
872.9680; found 872.9696. 
1,4-Di-(2'-thieny1)-triptycene (4). Into a 150 mL Schlenk tube with a magnetic stirring bar 
were added 1.50 g (1.8 mmol) of 3, 1.65 g (4.4 mmol) of 2-tri-n-butylstannyl-thiophene and 
0.07 g (0.1 mmol) of Pd(PPh3),C12. 15 mL of DMF was added and the reaction mixture was 
heated to 90 'C for 18 hours. The solvent was removed by distillation (90 'C, 0.2 mm Hg) 
and the residue was purified by column chromatography (0-20% ethyl acetate in hexanes) to 
yield a light yellow solid that was triturated with a minimum amount of ethyl acetate (2 rnL) 
to yield 0.64 g (87%) of a colorless powder. mp: 255 - 257 'C. 'H NMR (400 MHz, CDCI,): 
67.49 (dd, 2H, J = 1 , 5  Hz),7.41 (dd,4H, J =  3,6Hz),7.26 (dd, 2H, J = 3 ,5  Hz),7.20 (dd, 
2H, J = 1 , 4  Hz), 7.1 1 (s, 2H), 7.04 (dd, 4H, J = 3 , 5  Hz), 6.05 (s, 2H). 13c NMR (100 MHz, 
CDCI,): 6 145.4, 144.3, 141.8, 130.2, 127.7, 127.1, 127.0, 126.1, 125.6, 124.1,51.0.FT-IR 
(KBr): vlcm-': 3069, 1478, 1459, 816, 759, 696. MS (ESI): calcd for C,H18S, (M+Na)', 
441.0742; found 441.0745. 
5,6,8,13,15,16-Hexahydro-6,15:8,13-bis-(1',2~benzeno)pentacene-1,4-dione (5). Into a 
50 mL round bottom flask, fitted with a reflux condenser and a magnetic stirring bar, were 
added 2.00 g (5.6 mmol) of 5,14-dihydro-5,14(1°,2'-benzeno)pentacene, 0.6 1 g (5.6 mmol) 
of 1,4benzoquinone and 10 mL of xylenes. The suspension was heated to reflux for 5 hours. 
The solution was cooled to room temperature and then placed in the refrigerator overnight. 
The yellow precipitate was isolated by vacuum filtration, rinsed with a small amount of 
methanol (5 mL) and dried to yield 1.89 g (72%) of crude 5, as a mixture of isomers. This 
material was used without further purification. mp: 275 - 277 'C (decomp). 'H NMR (500 
MHz, CD2C12): 6 7.47 (s, 2H), 7.41 (dd, 2H, J = 3, 5 Hz), 7.32 (dd, 2H, J = 3, 5 Hz), 7.10 
(dd, 2H, J = 3,5  HZ), 7.02 (dd, 2H, J = 3 ,5  HZ), 7.00 (dd, 2H, J = 3,5 Hz), 6.92 (dd, 2H, J = 
3, 5 Hz), 6.25 (s, 2H), 5.43 (s, 2H), 4.77 (s, 2H), 3.04 (s, 2H). 13C NMR (125 MHz, CD2C12): 
6 198.6, 145.9, 145.7, 144.4, 141.0, 140.7, 139.5, 126.9, 125.7, 125.6, 125.0, 124.1, 124.0, 
120.3,54.3,49.5,49.2. FT-IR (KBr): vlcm-l: 3020, 1671, 1653, 1456,746. MS (ESI): calcd 
for C,HZ2O2 (M+Na)', 485.15 12; found 485.1522. 
1,4-Dihydroxy-5,7,12,14-tetrahydro-5,14:7,12bis-(1,2-benzeno)pentacene (6). Into a 
50 mL round bottom flask, fitted with a reflux condenser and a magnetic stirring bar, were 
added 1.89 g (4.1 mmol) of 5 and 14 mL of glacial acetic acid. Approximately 15 drops of 
HBr (30% solution in acetic acid) were then added. The suspension was heated to reflux for 
2 hours. The solution was cooled to room temperature and the white precipitate was isolated 
by vacuum filtration, rinsed with a small amount of methanol (5 mL) and dried under 
vacuum with heating to yield 1.66 g (88%) of a white powder. mp: >350 'C. 'H NMR (500 
MHz, DMSO-d6): 6 8.76 (s, 2H), 7.47 (s, 2H), 7.38 - 7.26 (m, 6H), 6.95 - 6.85 (m, 6H), 6.23 
(s, 2H), 5.69 (s, 2H), 5.51 (s, 2H). 13c NMR (125 MHz, DMSO-d6): 6 147.0, 146.6, 146.6, 
145.8, 144.1, 143.3, 133.1, 125.9, 125.7, 124.5, 124.5, 120.8, 114.0,53.6,47.6. FT-IR (KBr): 
vlcm-': 3190,3067,3016,3003,2953, 1487, 1456, 1380, 1235, 1215,989,746. MS (ESI): 
calcd for C34H2202 (M+Na)', 485.15 12; found 485.15 15. 
1,4-Bis-(nonafluorobutane- l-sulfonyl)d,7,12,14-tetrahydro-5,14:7,12-bis-(1',2'- 
benzene)-pentacene (7). Into a 200 mL Schlenk tube with a magnetic stirring bar, were 
added 1.65 g (3.6 mmol) of 6, and 3 .OO g (9.9 mmol) of perfluoro- 1 -butanesulfonyl fluoride. 
20 mL of THF and 1.2 mL (8.7 mmol) triethylamine were then added and the mixture was 
heated to 55 'C for 72 hours. After cooling to room temperature, the solvent was removed 
under reduced pressure. The residue was purified by column chromatography (0-20% ethyl 
acetate in hexanes) to yield 0.92 g (25%) of a crystalline solid. mp: >290 "C (darkens). 'H 
NMR (500 MHz, CDCI,): 6 7.54 (s, 2H), 7.53 (dd, 2H, J = 2 , 4  Hz), 7.37 (dd, 2H, J = 2 , 4  
Hz), 7.35 (dd, 2H, J = 2 , 4  Hz), 7.04 (dd, 2H, J = 2 , 4  Hz), 6.98 (m, 6H), 5.74 (s, 2H), 5.40 (s, 
2H). 13C NMR (125 MHz, CDCI,): 6 145.2, 145.2, 143.9, 143.3, 143.1, 142.1, 140.3, 126.3, 
125.5, 125.5, 124.6, 123.8, 123.7, 120.8, 120.0,54.1,48.6. '9~NMR(282MHz,CDC13): 6 -  
80.8 (m, 6H), -109.2 (m, 4H), -121.0 (m, 4H), -126.0 (m, 4H). FT-IR (KBr): vlcm-': 3021, 
1460, 1428, 1353, 1240, 1205, 1 144, 978, 88 1, 742. MS (ESI): calcd for C,H,F,,O,S, 
(M+Na)', 1049.0306; found 1049.0327. 
1,4-Di-(2'- thieny1)-5,7,12,14-tetrahydro-,14:7 1-is-(1',2'benzeno)-pentacene (8). 
Into a 50 mL Schlenk tube with a magnetic stirring bar were added 0.40 g (0.4 mmol) of 7, 
0.39 g (1.0 mmol) of 2-tri-n-butylstannyl-thiophene and 20 mg (0.03 mmol) of Pd(PPh,),Cl,. 
3 mL of DMF was added and the reaction mixture was heated to 90 "C for 24 hours. The 
solvent was removed by distillation (90 "C, 0.2 mm Hg) and the residue was purified by 
column chromatography (0-20% ethyl acetate in hexanes) to yield 0.20 g (88%) of a 
colorless powder. mp: >290 'C (darkens). 'H NMR (500 MHz, CDCI,): 6 7.47 (dd, 2H, J = 
2,5 Hz),7.43 (s, 2H),7.34(dd,2H, J =  3 ,5  Hz),7.32(dd,2H, J =  3,5  Hz),7.28 (dd, 2H, J =  
3, 5 Hz), 7.24 (dd, 2H, J = 4, 5 Hz), 7.15 (dd, 2H, J = 2 , 4  Hz), 7.04 (s, 2H), 6.96 (m, 4H), 
6.92 (dd, 2H, J = 3, 5 Hz), 5.93 (s, 2H), 5.32 (s, 2H). 13C NMR (125 MHz, CDCl,): 6 145.5, 
145.5, 144.3, 142.8, 142.5, 141.9, 130.0, 127.7, 127.0, 127.0, 126.0, 125.4, 125.3, 125.3, 
123.8, 123.7, 123.6, 120.2, 54.1,50.8. R - I R  (KBr): vlcm-l: 3008, 1457, 1437, 1216, 1186, 
1 120,748,699. MS (ESI): calcd for C42H26S2 (M+Na)', 617.1368; found 617.1385. 
l,4-Bis-(nonafluorobutane- 1-sulfony1)-benzene (9). Into a 200 mL Schlenk tube with a 
magnetic stirring bar, were added 0.50 g (4.5 mmol) of 1,4 hydroquinone, and 3.80 g (12.6 
mmol) of perfluoro-1-butanesulfonyl fluoride. 20 mL of THF and 1.3 mL (9.4 mmol) 
triethylamine were then added and the mixture was heated to 55 'C for 18 hours. After 
cooling to room temperature, the solvent was removed under reduced pressure. The residue 
was purified by column chromatography (0-20% ethyl acetate in hexanes) to yield 2.89 g 
(94%) of a crystalline solid. mp: 65 'C. 'H NMR (500 MHz, CDCI,): 6 7.41 (s, 4H). ',c 
NMR (125 MHz, CDCl,): 6 148.8, 123.7. '?F NMR (282 MHz, CDCI,): 6 -80.9 (m, 6H), - 
108.8 (m, 4H), -121.1 (m, 4H), -126.1 (m, 4H). lT-IR (KBr): vlcm-': 3020, 1428, 1215, 
1143,771. MS (ESI): calcd for C14H4Fl,06S2 (M+Na)', 696.9054; found 696.9036. 
1,4-Di-(2'-thieny1)-benzene (10). Into a 50 mL Schlenk tube with a magnetic stirring bar 
were added 0.40 g (0.6 mmol) of 9,0.58 g (1.6 mmol) of 2-tri-n-butylstannyl-thiophene and 
20 mg (0.03 mmol) of Pd(PPh,),Cl,. 5 mL of DMF was added and the reaction mixture was 
heated to 90 'C for 24 hours. The solvent was removed by distillation (90 'C, 0.2 mm Hg) 
and the residue was purified by column chromatography (0-9% ethyl acetate in hexanes) to 
yield 0.14 g (100%) of a colorless powder. mp: 198 - 200 'C. 'H NMR (500 MHz, CDCI,): 6 
7.64(s,4H),7.35 (dd, 2H, J=2,4Hz),7,30(dd,2H, J = 2 , 5  Hz),7.11 (dd, 2H, J=4,6Hz).  
13c NMR (100 MHz, CDCl,): 6 144.1, 133.7, 128.3, 126.5, 125.1, 123.3. FT-IR (KBr): vlcm- 
': 3020, 1428, 1215, 814,756,697,669. MS (EI): calcd for C,,H,,S, (M'), 242.0218; found 
242.0224. 
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Chapter 4 
Poly(pheny1ene ethynylene)~ with Pendant 
Hexafluoroisopropanol Groups 
Adapted from: 
Amara, J.P. ; S wager, T.M. Macromolecules, 2005,38,909 1 -9094. 

Introduction 
Conjugated polymer-based fluorescent chemosensors have shown great promise in 
the detection of trace analytes and explosives vapors.' Planar, electron-deficient aromatic 
compounds such as trinitrotoluene (TNT), tend to have very strong electrostatic interactions 
with electron-rich conjugated polymers such as poly(pheny1ene ethynylene)~ (PPEs). 
Furthermore, these analytes often possess sufficiently low redox potentials to accept 
electrons via photo-induced electron transfer (PET) reactions with PPEs, which results in 
quenching of the excited state of the conjugated polymer. Analytes such as TNT can be 
readily detected by specially designed PPE thin films, even though the equilibrium vapor 
pressure of TNT is only in the ppb range (8.02 x lo4 mmHg at 25 'C).* 
We are interested in extending conjugated-polymer based sensing systems towards 
the detection of analytes that have weak electrostatic interactions with conjugated polymers 
such as PPEs. Compounds of interest include those typically incorporated into plastic 
explosives formulations as well as a number of toxic industrial chemicals (TICS). Various 
common organic solvents and pesticide residues are also important target analytes for 
chemical sensing applications. Many of these analytes are poorer electron acceptors (higher 
redox potentials) than nitro-aromatics, and are reluctant to undergo PET reactions with PPEs. 
Strong hydrogen-bond donating groups, such as hexafluoroisopropanol (HFIP) 
groups, have found application in coatings for many chemical microsensor technologies, 
including surface acoustic wave (SAW) devices (Figure 4. I ) . ~  One HFIP-containing coating, 
polysiloxane fluoroalcohol (SXFA) is commonly used in these applications as a hydrogen- 
bond donating sorbant." This coating has demonstrated significant affinity for the vapors of 
weakly hydrogen-bond accepting analytes such as nitro-aromatics, many organic solvents, as 
well as some nerve agent ~imulants .~ Similar HFIP-containing coatings have also been used 
in concert with various dyes in luminescence-based sensors for the detection of 
organophosphonate  vapor^.^ We are interested in determining whether the incorporation of 
such strong hydrogen-bond donating capability into a conjugated polymer can lead to 
stronger polymerlanalyte binding interactions and result in improved sensitivity of 
conjugated polymer-based chemosensors towards a wide variety of weakly binding analytes. 
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Figure 4.1. Polysiloxane fluoroalcohol (SXFA), a hydrogen bond acidic sorbant coating for 
chemical microsensors (left), a schematic illustration of a surface acoustic wave (SAW) 
device (center) and a typical SAW device response to an analyte vapor exposure (right).3b34 
Herein, we report the synthesis and properties of several PPEs with pendant HFIP 
groups. We demonstrate that these HFIP groups can significantly enhance the response of 
conjugated polymer-based chemosensors towards certain hydrogen-bond accepting analyte 
vapors through strengthened analytelpolymer binding and more facile charge transfer 
reactions between the PPE and the hydrogen-bonded analytes. 
Results and Discussion 
Monomer Synthesis. The synthesis of PPEs with pendant HFIP groups begins with the 
synthesis of HFIP-substituted diiodo-arene monomers. Monomer 4 contains a single HFIP 
functionalized side-chain as well as an unfunctionalized alkoxy side-chain and is prepared as 
illustrated in Scheme 4.1. Compound 1 can be prepared in 4 steps by previously reported 
 procedure^.^ Williamson etherification of 1 with 1-bromo-4-pentene affords 2 in good yield 
(76%). Olefin cross-metathesis between 2 and a commercially available HFIP-substituted 
terminal olefin, 3, with Grubbs second-generation ruthenium catalyst9 proceeds in good yield 
(67%) to the HFIP-substituted monomer 4. 
Scheme 4.1. Synthesis of HFIP-substituted diiodo-arene monomer 4 
(a) 1-bromo-4-pentene, K2C03, KI, Zbutanone, 80 "C, 76% (b) Grubbs 2nd generation 
ruthenium catalyst, CH2Cl,, 65 'C, 67% 
Monomer 7 presents two HFIP groups and is prepared as illustrated in Scheme 4.2. 
Compound 5 can be prepared in 2 steps by previously reported  procedure^.'^^'^ Williamson 
etherification of 5 with 1-bromo-4-pentene affords 6 in good yield (85%). Olefin cross- 
metathesis between 2 and 3, with Grubbs second-generation ruthenium catalyst proceeds to 
yield the bis-HFIP substituted monomer 7. The material is isolated by re-crystallization 
(hexanes) in poor yield (12%, first crop) since chromatography was unsuccessful for the 
separation of 7 from the homo-metathesis product of 3. 
Scheme 4.2. Synthesis of bis-HFIP substituted diiodo-arene monomer 7 
(a) 1-bromo-4-pentene, K2C03, KI, z-butanone, 80 'C, 85% (b) 3, Grubbs 2" generation 
ruthenium catalyst, CH2C12, 65 'C, 12% 
Polymer Synthesis. The incorporation of rigid itpycene groups into conjugated polymers has 
been shown to increase polymer solubility, reduce solid-state aggregation, and increase solid- 
state fluorescence quantum yields.'b9'' Additionally, these groups provide some amount of 
porosity in the solid state to facilitate increased analyte diffusion and binding within the 
polymer films. PPEs that contain iptycene frameworks along their chains are known to have 
excellent performance in solid-state fluorescence chemosensing applications.' A palladium- 
catalyzed Sonogashira-Hagihara cross-coupling polymerization (Scheme 4.3) of monomer 4 
with a dialkynyl-substituted pentiptycene moiety 8 yields polymer P2 in 87% yield with a 
number average molecular weight (Mn) of 17000 (DP = 20). The pendant olefins and HFIP 
groups appear to have no significant effect on the polymerization as acceptable polymer 
molecular weights were obtained. Polymer P3 was prepared in a similar manner from 
monomers 7 and 8 (75% yield, M, 26000, DP - 20). All polymers were characterized by 'H 
and "F NMR spectroscopy, gel permeation chromatography (GPC), as well as UV-VIS, and 
fluorescence spectroscopy. For comparison, a similar PPE of comparable molecular weight, 
polymer P 1, which presents only simple unfunctionalized alkoxy-substituted side-chains, 
was employed. 
Scheme 4.3. Synthesis of PPEs with pendant HFIP groups 
(a) 4, Pd(PPh,),, CuI, PhMe, iPr,NH, 65 'C, 87% (polymer P2) (b) 7, Pd(PPh,),, CuI, PhMe, 
iPr,NH, 65 'C, 75% (polymer P3) 
The photo-physical properties of polymers PI,  P2, and P3 are listed in Figure 4.2 and 
Table 4.1. The pendant HFIP groups do not appear to significantly affect the photo-physical 
properties of polymers P2 and P3, as they are both similar to polymer P1 in terms of solution 
and solid-state absorption and emission spectra, as well as solution-state fluorescence 
quantum yields and solution-state fluorescence lifetimes. 
300 350 400 450 500 550 600 650 
Wavelength (nm) 
Figure 4.2. The absorption and fluorescence emission spectra of (a) P1 (b) P2 and (c) P3 in 
chloroform (solid lines) and as spin-cast thin films (dotted lines). 
Table 4.1. Summary of Photo-physical Data for Polymers PI ,  P2, and P3" 
Polymer 
and fluorescence lifetimes of polymers PI ,  P2, and P3 were measured as solutions in CHCl,. 
P2 
P3 
b Solution-state fluorescence quantum yields are relative to an equi-absorbing solution of 
Abs 14, (nm) 
CHCI, (film) 
quinine sulfate (a, = 0.53 in 0.1 N H2SO4).l2 'Reported fluorescence lifetimes are fit to a 
" See the experimental section for details of the experimental conditions. Quantum yields 
413 (445) 
401 (405) 
single-exponential function. 
Em L (nm) 
CHCl, (film) 
In order to determine the effect of the pendant HFIP groups on the performance of 
PPE-based fluorescent chemosensors, we employed a Fido 4TD, a commercial fluorescence- 
based vapor sensor designed and manufactured by Nomadics Inc. (Stillwater, OK).'~ The 
Fido sensor measures the real-time fluorescence intensity of a conjugated polymer film as it 
is exposed to various analyte vapors. For implementation in a Fido sensor, PI ,  P2, or P3 are 
spin-cast on the inside of a heavy-walled glass capillary and the emission of this film is 
monitored, while analyte vapors are passed through the capillary (See Chapter 1). Using this 
device, the responses of PI ,  P2, and P3 to the vapors of a number of different analytes were 
evaluated by monitoring the change in fluorescence intensity upon drawing analyte vapor 
through the capillary at a flow rate of 35 mllmin. For these experiments, equilibrium vapor 
pressures of the analytes were delivered to the sensor (see the experimental section for 
452 (462) 
449 (457) 
@F" z (ns)' 
0.63 
0.67 
- 
0.5 
0.6 
details). Upon removal of analyte vapor source, ambient air is pulled through the capillary in 
order to purge the sensor of any adsorbed analyte. The results for selected analytes chosen to 
survey the scope of responses possible are presented in Figure 4.3. 
DNT 4AP DMAP PYR DCPYRIM 
= Polymer P 1 
= Polymer P 2 
= Polymer P 3 
Figure 4.3. Average changes in fluorescence emission intensity upon repeated exposures of 
polymers P 1  (grey bars), P2, and P3 (cross-hatched bars) to equilibrium vapor pressures of 
various analytes (1 second exposures for DNT, 3 second exposures for all other analytes). A 
negative response indicates a quench in polymer fluorescence intensity upon exposure to the 
analyte vapor. A positive response indicates an increase in polymer fluorescence intensity 
upon exposure to the analyte vapor. The error bars represent one standard deviation. 
Equilibrium vapor pressures of selected analytes: [DNT: 2,4-dinitrotoluene, VP = 1.47 x 10" 
mmHg at 22 'C (0.2 ppm)] [4AP: Caminopyridine, VP = 3.70 x 10" mmHg at 25 'C (0.5 
ppm)] [DMAP: N,N'-dimethylamino-pyridine, VP = 1 .OO mmHg at 25 "C (1300 ppm)] 
[PYR: pyridine, VP = 20.8 mmHg at 25 'C (27000 ppm)] [DCPYRIM: 2,4-dichloro- 
pyrimidine, VP = 2.98 x 10-I mmHg at 25 'C (390 ppm)~"~ '~  
The presence of HFIP groups has the general effect of increasing the sensitivity of P2 
and P3 relative to PI. The differences are most profound in analytes that will display the 
strongest hydrogen bonding behavior. For example, all three polymers demonstrate similar 
quenching responses to the weak hydrogen bonding, but strongly electron deficient aromatic 
analyte, dinitrotoluene (DNT) (Figure 4.4a). The very strong electrostatic interaction 
between this analyte and the electron-rich PPEs appears to overwhelm any effect of HFIP 
substitution in polymers P2 and P3. Pyridine, on the other hand, possesses much weaker 
electrostatic interactions with the PPEs and we observe that polymer P1 shows 10-12% 
increases in fluorescence intensity upon exposure to pyridine vapor as shown in Figure 4.4b, 
left (5 separate 3 sec. exposures). The increased fluorescence emission intensity is 
immediately lost upon removal of the pyridine vapor source and is likely due to swelling that 
will reduce inter-chain interactions and increase the thin film quantum yield of the polymer.15 
The rapid reversion to the initial fluorescence intensity indicates a fairly weak interaction 
between polymer P1 and the pyridine vapor. The response of P1 is in stark contrast to that 
of P2 (Figure 4.4b, center) and P3 (Figure 4.4b, right), which both display strong decreases 
in fluorescence intensity upon a single exposure to pyridine vapor. We suggest that a 
hydrogen-bonded pyridinium species is sufficiently electron deficient to undergo PET 
reactions or form charge transfer complexes with the PPE, that result in a quenched 
fluorescence upon exposure to this analyte. Similar fluorescence quenching phenomena with 
hydrogen-bonded pyridines have been previously reported in small molecule systems.16 This 
interesting result suggests that incorporation of HFIP groups, in addition to enabling more 
favorable polymerlanalyte interactions, can also serve to modulate the electronic properties 
of some targeted analytes. 
The very slow recovery of the initial fluorescence intensity for P2 (Figure 4.4b, 
center) is indicative of strong analytelpolymer interactions. In other words, the pyridine 
vapor appears to adsorb much more strongly to the HFIP-substituted polymer P2 and 
remains there for a significant period of time after the initial exposure. The Fido data for 
polymer P3 (Figure 4.4b, right) reveals even stronger interactions with pyridine and the 
fluorescence does not appear to recover after removal of the vapor source. 
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Other analytes such as 4-aminopyridine (4AP) vapor and N,N'-dimethylamino- 
pyridine (DMAP) vapor appear to be too electron rich to undergo PET reactions with any of 
the PPEs. From the Fido data, we find that polymers P I ,  P2, and P3  demonstrate minimal 
responses to both of these analytes (Figure 4.5a and Figure 4.5b). Although we do observe 
some bleaching or other slight changes in emission intensity from polymers P2  and P 3  in 
Figure 4.5, for the purposes of this work, such behavior does not constitute a positive sensor 
response to either 4AP or DMAP. Similar to the responses observed for pyridine, a more 
electron-deficient analyte, 2,4-dichloropyrimidine (DCPY RIM), also results in a significant 
20% quenching of fluorescence from the HFIP-substituted polymers P 2  and P 3, while 
polymer P1 only demonstrates a minimal quench in fluorescence (Figure 4.6). 
Polymer P2, which demonstrates at least some amount of reversibility in pyridine or 
2,4-dichloropyrimidine binding (Figure 4.4b, center and Figure 4.6, center), appears to be the 
superior material for sensing applications involving these types of analytes, since sensors that 
can survive repeated analyte exposures are attractive for practical purposes. However, 
polymer P3, which demonstrates irreversible binding with some analytes (pyridine, 2,4- 
dichloropyrimidine, and DNT to some extent), may be an attractive sensory material for the 
detection of trace compounds or those with extremely low vapor pressures. For such 
analytes, a long analyte exposure time could be employed to increase the amount of the 
adsorbed analyte to higher levels, since the greater HFIP content of P3  makes the analyte 
desorption process less favorable. 
Conclusion. We have synthesized two new PPEs that contain side-chains substituted with 
pendant hexafluoroisopropanol (HFIP) groups. The incorporation of strong hydrogen-bond 
donating groups as a pendant functionality into a conjugated polymer-based fluorescent 
chemosensor can lead to greatly strengthened interactions between the polymer and some 
weakly-binding analyte vapors. We have found that the strengthened analytelpolymer 
binding interactions, as well as the increased electron deficiency of some hydrogen-bonded . 
analytes, can lead to very strong fluorescence quenching responses from HFIP-substituted 
conjugated polymers. We are currently investigating the role of HFIP substituents in 
conjugated polymer-based chemosensors for the detection of a wide variety of explosives 
vapors and other compounds of interest. 
Experimental Section 
General Methods and Instrumentation. All chemicals were of reagent grade from Aldrich 
Chemical Co. (St. Louis, MO), Strem Chemicals, Inc. (Newburyport, MA) or Oakwood 
Products Inc. (West Columbia, SC) and used as received. All synthetic manipulations were 
performed under an argon atmosphere using standard Schlenk line or drybox techniques 
unless otherwise noted. Dichloromethane and toluene were obtained from J.T. Baker and 
purified by passing through a Glasscontour dry solvent system. Glassware was oven dried 
before use. Column chromatography was performed using Baker 40 pm silica gel. All 
organic extracts were dried over MgSO, and filtered prior to removal with a rotary 
evaporator. Tetrakis(tripheny1phosphine)palladium (0) was purchased from Strem and used 
as received. Grubbs 2nd generation ruthenium catalyst [1,3-bis-(2,4,6-trimethylpheny1)-2- 
i m i d a z o l i d i n - y l i d e n e ) d i c h l o r o ( p h e n y l m e t h y t h e n i u m  (11)] 
was purchased from Aldrich. Compounds 117, 518, 819, and polymer Pllb were prepared 
according to literature procedures. 
'H NMR, 13C NMR, and "F NMR spectra were obtained on Varian Mercury (300 
MHz), Bruker Avance-400 (400 MHz), and Varian Inova (500 MHz) instruments. NMR 
chemical shifts are referenced to CHC13/TMS (7.27 ppm for 'H, 77.23 ppm for 13c). For "F 
NMR spectra, trichlorofluoromethane was used as an external standard (0 ppm) and upfield 
shifts are reported as negative values. Mass spectra (MS) were obtained at the MIT 
Department of Chemistry Instrumentation Facility (DCIF) using a peak-matching protocol to 
determine the mass and error range of the molecular ion. Fourier-Transform Infrared (FT-IR) 
spectroscopy was performed on a Perkin Elmer Model 2000 FI'-IR spectrophotometer using 
the Spectrum v. 2.00 software package. 
All polymer solutions were filtered through 0.45 pm syringe filters prior to use. 
Polymer molecular weights were determined at room temperature on a HP series 1100 GPC 
system in THF at 1.0 mLlmin (1 mglmL sample concentrations) equipped with a diode array 
detector (254 nm and 450 nm) and a refractive index detector. Polymer molecular weights 
are reported relative to polystyrene standards. Polymer thin films were spin-cast from a 1 
mglmL polymer solution in chloroform at 2000 rpm onto microscope cover slips (18 x 18 
mm) or on the inside of glass capillaries (for Fido experiments). 
UVIvis spectra were recorded on an Agilent 8453 diode-array spectrophotometer and 
corrected for background signal with either a solvent-filled cuvette (for solution 
measurements) or a clean glass cover slip (for thin film measurements). Emission spectra 
were acquired on a SPEX ~luorolog-z3 fluorometer (model FL-321, 450 W Xenon lamp) 
using either right-angle detection (solution measurements) or front-face detection (thin film 
measurements). Fluorescence quantum yields of solutions were determined by comparison to 
appropriate standards and are corrected for solvent refractive index and absorption 
differences at the excitation wavelength. Time resolved fluorescence measurements were 
performed at the MIT Institute for Solider Nanotechnologies (Cambridge, MA) by exciting 
solution samples with 180 femtosecond pulses at 392 nm, the doubled output of a Coherent 
RegA Ti:Sapphire amplifier operating at 250 kHz. The resulting fluorescence was spectrally 
and temporally resolved with a Hamamatsu C4770 Streak Camera system. 
Melting points were measured with a Meltemp I1 apparatus and are reported 
uncorrected. 
l-Pent-4-enyloxy-4-decyloxy-2,5-diiodo-benzene (2). Into a 25 mL round bottom flask, 
fitted with a reflux condenser and a magnetic stirring bar, were added 0.90 g (1.8 mmol) of 1, 
0.87 g (5.8 mmol) of 5-bromo-1-pentene, 0.30 g (2.2 mmol) of potassium carbonate, 0.12 g 
(0.7 mmol) of potassium iodide, and 20 mL of 2-butanone. The suspension was heated to 
reflux for 18 hours. After cooling to room temperature, water (50 mL) and ethyl ether (50 
mL) were added. The organic layer was extracted into ethyl ether (3 x 50 mL), washed with 
water (3 x 50 mL) and dried to yield a green oil. The crude product was purified by column 
chromatography (0-10% CH2C12 in hexanes) to yield 0.78 g (76%) of a colorless crystalline 
solid. mp: 29-30 "C. 'H NMR (300 MHz, CDCI,): 6 7.18 (s, 2H), 5.80-5.87 (m, lH), 5.05- 
5.14 (m, lH), 5.00-5.05 (m, lH), 3.94 (dd, 4H, J = 6, 12 Hz), 2.25-2.35 (m, 2H), 1.85-1.95 
(m, 2H), 1.75-1.85 (m, 2H), 1.43-1.55 (m, 4H), 1.23-1.44 (m, lOH), 0.85-0.92 (m, 3H). 13c 
NMR (75 MHz, CDCl,): 6 153.1, 152.9, 137.9, 122.9, 122.8, 115.6, 86.5, 86.4, 70.5, 69.6, 
32.1, 30.3, 29.8, 29.7, 29.5, 29.4, 29.3, 28.5, 26.2, 22.9, 14.4. FT-IR (KBr): vlcm-l: 3077, 
2924,2853, 1641, 1486, 1461, 1389, 1349, 1264, 1212, 1055, 1012, 914, 850. MS (EI): 
calcd for qlH3,I,O2 (M'), 570.0486; found 570.0460. 
8-(4-Decyloxy-2,5-diiodo-phenoxy)-l,l,l-trifluoro-2-trifluoromethyl-oct-4-en-2-o1 (4). 
Into a 25 mL Schlenk tube with a magnetic stirring bar were added 0.10 g (0.2 mmol) of 2, 
and 10 mg (0.01 mmol) of Grubbs' 2nd generation ruthenium catalyst. A solution of 1,1,1- 
trifluoro-2-(trifluoromethy1)-pent-4-en-2- (3) 0.37 g (1.8 mmol) in 0.5 mL CH2C12 was 
added and the reaction mixture was heated to 65 'C for 18 hours. After cooling to room 
temperature, the solvent was removed and the crude product was purified by column 
chromatography (0-10% ethyl acetate in hexanes) to yield 0.09 g (67%) of a colorless solid. 
mp: 51-52 'C. 'H NMR (500 MHz, CDCl,): 6 7.18 (m, 2H), 5.82-5.94 (m, lH), 5.48-5.56 
(m, lH), 3.94 (m, 4H), 2.94 (s, lH), 2.70 (d, 2H, J = 8 Hz), 2.34-2.42 (dd, 2H, J = 7, 14), 
1.88-1.96 (m, 2H), 1.78-1.84 (m, 2H), 1.46-1.54 (m, 2H), 1.25-1.40 (m, 12 H), 0.85-0.92 (m, 
3H). 13c NMR (125 MHz, CDCl,): 6 153.3, 152.7, 139.7, 123.1, 122.9, 120.2, 86.5, 86.4, 
70.5, 69.6, 33.8, 32.1, 29.8, 29.7, 29.6, 29.5, 29.4, 29.3, 28.7, 26.2, 24.1, 22.9, 14.3. '?F 
NMR (282 MHz, CDCI,): 6 -76.9, -77.1. (two isomers) FT-IR (KBr): v/cm-': 3510, 2925, 
2853, 1487, 1463, 1392, 1350, 1211, 1150, 1055, 1018, 981, 717. MS (EI): calcd for 
CzH34F61203 (M'), 750.0496; found 750.0478. 
1,4-Bis-pent-4-enyloxy-2,s-diiodo-benzene (6). Into a 25 mL round bottom flask, fitted 
with a reflux condenser and a magnetic stirring bar, were added 0.20 g (0.6 mmol) of 5,0.50 
g (3.4 mmol) of 5-bromo-1-pentene, 0.20 g (1.4 mmol) of potassium carbonate, 0.08 g (0.5 
mmol) of potassium iodide, and 6 mL of 2-butanone. The suspension was heated to reflux 
for 18 hours. After cooling to room temperature, water (50 mL) and ethyl ether (50 mL) were 
added. The organic layer was extracted into ethyl ether (3 x 50 mL), washed with water (3 x 
50 mL) and dried to yield a green oil. The crude product was purified by column 
chromatography (04% ethyl acetate in hexanes) to yield 0.23 g (85%) of colorless crystals. 
mp: 41-42 'C. 'H NMR (500 MHz, CDCI,): 6 7.18 (s, 2H), 5.80-5.95 (m, 2H), 5.05-5.14 (m, 
2H), 4.98-5.05 (m, 2H), 3.95 (t, 4H, J = 6), 2.26-2.37 (dd, 4H, J = 7, 14), 1.86-1.98 (m, 4H). 
13c NMR (125 MHz, CDCI,): 6 152.9, 137.8, 122.9, 115.6, 86.5, 69.5, 30.3, 28.5. FT-IR 
(KBr): vlcm-l: 3075,2940, 1640, 1485, 1458, 1389, 1348, 1212, 1055, 1010,914,851, 810. 
MS (ESI): calcd for C16H201202 (M+Na)+, 520.9445; found 520.9455. 
8-[2,5-Diiodo-4-(8,8,8- trifluoro-7- hydroxy-7-trifluoromethyl-oet-4-enyloxy)-phenoxy]- 
l,l,l-trifluoro-2-trifluoromethyl-oet-4-en (7). Into a 50 mL Schlenk tube with a 
magnetic stimng bar were added 0.50 g (1.0 mmol) of 6, and 0.08 g (0.1 mmol) of Grubbs' 
2nd generation ruthenium catalyst. A solution of 1,1,1-trifluoro-2-(trifluoromethy1)-pent-4- 
en-2-01 (3) 3.13 g (15.0 mmol) in 2.5 mL CH2Cl, was added and the reaction mixture was 
heated to 65 'C for 48 hours. After cooling to room temperature, the solvent was removed 
and the crude product was purified by column chromatography (0-33% ethyl acetate in 
hexanes) to yield an oily paste. Trituration with hexanes (2 mL) afforded 0.1 g (12%, first 
crop) of colorless crystals. mp: 125-126 "C. 'H NMR (400 MHz, CDCI,): 6 7.17 (s, 2H), 
5.80-5.88 (m, 2H), 5.48-5.55 (m, 2H), 3.96 (t, 4H, J = 6 Hz), 2.94 (s, 2H), 2.69-2.71 (d, 4H, J 
= 8 Hz), 2.34-2.42 (dd, 4H, J = 7, 14), 1.90-1.94 (m, 4H). 13C NMR (100 MHz, CDCl,): 6 
153.0, 139.7, 123.1, 120.3, 86.5, 69.5, 33.7, 29.4, 28.7. "F NMR (282 MHz, CDCI,): 6 - 
76.9. FT-IR (KBr): ~ l c m - ~ :  3482, 3075, 2940, 1458, 1352, 1206, 1152, 1058. MS (ESI): 
calcd for CXHXFI2I2O4 (M+Na)', 880.9465; found 880.9459. 
Polymers P2 and P3. A general procedure is illustrated by the synthesis of polymer P2. 
Into a 25 mL Schlenk tube with a magnetic stirring bar were added 4 (15 mg, 0.02 mmol), 8 
(10 mg, 0.02 mmol), and small amounts of copper iodide (< 1 mg), and Pd(PPh,), (< 1 mg). 
A deoxygenated solutionm of 3 : 2 (vlv) toluene/diisopropylamine (0.8 mL) was then added. 
The tube was sealed and heated to 65 'C for 72 hours. After cooling to room temperature, 
the reaction mixture was precipitated by slow addition to 20 mL of methanol. The 
precipitate was isolated by centrifugation and decantation of the supernatant. The precipitate 
was washed with several 20 mL portions of methanol to remove any short oligomers. The 
material was dried under vacuum to yield a yellow solid (17 mg, 87%). 
Polymer P2. GPC (THF): Mn = 17K, M, = 37K. 'H NMR (300 MHz, CDCI,): 6 7.40-7.55 
(aromatic C-H), 6.96-7.10 (aromatic C-H), 5.90-6.20 (iptycene bridgehead C-H), 5.60-5.78 
(olefinic C-H), 5.30-5.45 (olefinic C-H), 4.38-4.55 (aliphatic C-H), 4.15-4.32 (aliphatic C- 
H), 2.65-3.05 (aliphatic C-H), 2.43-2.58 (aliphatic C-H), 2.18-2.32 (aliphatic C-H), 1.68- 1.80 
(aliphatic C-H), 1.35-1.68 (aliphatic C-H), 1.10- 1.35 (aliphatic C-H), 0.78-0.95 (aliphatic C- 
H). 6. "F NMR (282 MHz, CDCI,): 6 -76.8, -77.0. (two isomers) FI'-IR (KBr): vlcm-I: 
3480,2925,1653,1457,1210,755,570. 
Polymer P3. (75%) GPC (THF): Mn = 26K, M, = 60K. 'H NMR (300 MHz, CDCI,): 6 7.44- 
7.52 (aromatic C-H), 6.96-7.09 (aromatic C-H), 6.02-6.14 (iptycene bridgehead C-H), 5.62- 
5.78 (olefinic C-H), 5.28-5.42 (olefinic C-H), 4.42-4.52 (aliphatic C-H), 2.88-2.98 (aliphatic 
C-H), 2.75-2.80 (aliphatic C-H), 2.44-2.56 (aliphatic C-H), 2.18-2.30 (aliphatic C-H). "F 
NMR (282 MHz, CDCI,): 6 -76.9, -77.0. (two isomers) FT-IR (KBr): vlcm-': 3522, 3070, 
2949,1654,1505,1459,1382,1210,1150,1023,909,757,734. 
General Procedure for Fido Experiments. Polymer films for Fido experiments were spin- 
cast onto the inside of glass capillaries (Garner Glass Co., Claremont, CA) from 1 mgImL 
CHCI, solutions at 700 rpm for 1 minute. Fluorescence quenching experiments were 
performed with a Fido 4TD (Nomadics Inc., Stillwater, OK) with the following settings: inlet 
temperature (135 'C), polymer temperature (20 'C), flow rate (35 ccm). Small quantities (= 
20 mg) of each analyte were placed, along with a small piece of cotton guaze, into a 20 mL 
glass vial and capped. At equilibrium, the analyte vapor from the head-space of these vials 
served as a convenient vapor source for the Fido experiments. For each polymer, 5 - 10 
spin-coated capillaries were prepared and each was subjected to repeated exposures of each 
analyte vapor (1 second exposures were used for DNT, 3 second exposures were used for all 
other analytes). In the cases where the fluorescence response would become saturated from a 
single exposure, fresh capillaries coated with the polymer would be used each time. 
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Chapter 5 
Solid-State Functionalization of Porous Polymer Films 
with Hexafluoroisopropanol Groups 

Introduction 
In Chapter 4, we demonstrated that the performance of a conjugated polymer-based 
sensory material can be greatly enhanced through the incorporation of pendant, strong 
hydrogen bond donor groups that strengthen the analyte-polymer binding interactions. In 
this chapter, we present our efforts to incorporate hexafluoroisopropanol (HFIP) groups into 
a host of polymeric materials for related chemical sensing applications. 
There is current interest in the development of new sorbant materials and conjugated 
polymer-based sensor technologies for the sampling and detection of a variety of chemicals 
commonly found in plastic explosives.' These include the high explosives RDX and PETN, 
and well as the International Civil Aviation Organization (ICAO) explosives taggant 
dimethyldinitrobutane (DMNB).~ Detection of RDX and PETN by current technologies is 
frustrated by their very low (ppt) vapor pressures (lo-' - lo8 mmHg), which makes 
collection of sufficient quantities of airborne material for detection extremely difficult.'. 
Our group has previously reported that conjugated polymers, including 
poly(pheny1ene ethynylene)~ (PPEs), can be used in the detection of nitro-aromatic 
explosives, such as trinitrotoluene (TNT)? Even though the vapor pressure of TNT is in the 
ppb range, its detection through fluorescence quenching of PPE-based chemosensors is 
facilitated by very strong electrostatic interactions between the planar, electron deficient 
TNT molecule and the electron-rich conjugated polymer. These favorable binding 
interactions can result in a strong sensory response towards trace amounts of analyte. In 
contrast, DMNB, RDX, PETN and other analytes lacking electron-poor aromatic rings are 
expected to have much weaker electrostatic interactions with conjugated polymers. 
Strongly hydrogen-bond donating functional groups, such as HFIP groups, have 
found utility in chemical micro-sensor  application^.^ Polysiloxane fluoroalcohol (SXFA) is 
one HFIP-containing polymer coating that is commonly used in chemical micro-sensor 
arrays for the detection of weakly hydrogen-bond accepting analyte~.~ Such sorbant coatings 
might be useful materials for the sequestration and concentration of trace amounts of analyte 
vapors, thereby facilitating detection.' Solid phase micro-extraction (SPME) is an example of 
such an analyte pre-concentration technology that is currently being studied for explosives 
detection applications. '17 
To address the limitations of present conjugated polymer-based chemosensing 
technologies towards the detection of analytes associated with plastic explosives, we are 
currently developing new polymeric materials that are expected to possess much stronger 
analytelpolymer binding capabilities. We are interested in developing inert, highly porous, 
and highly thermally stable polymer matrices that contain HFIP groups to serve as sorbants 
for analyte pre-concentration applications. Additionally, we are interested in whether such 
matrix materials can be used in concert with conjugated polymer-based chemosensors for the 
detection of trace analyte vapors. 
Herein, we report that several different polymers, whose molecular structures contain 
elements that enforce a porosity in the solid state and demonstrate some reactivity with 
electrophiles, can be functionalized with HFIP groups by simple exposure of thin films of the 
polymers to condensed hexafluoroacetone (HFA). This process, that formally involves 
electrophilic addition to aromatic rings, is very selective and conjugated PPEs that are 
sensitive to acids can be functionalized by this method without any apparent compromise to 
their electronic properties. This simple methodology for the post-polymer synthesis 
incorporation of a strong hydrogen bond-donating capability may be a useful technique for 
the preparation of novel pre-concentrating matrix materials and CP sensory materials with 
stronger affinities for weakly binding analytes. 
Results and Discussion 
Polymer Synthesis. For this work we utilized polymers la-9 as illustrated in Scheme 5.1. 
The synthesis of poly(ary1ether) l a  is accomplished by heating equimolar amounts of 
triptycene hydroquinone8 and decafluorobiphenyl in dimethylacetamide with potassium 
carbonate for 72 hours. Poly(ary1ether su1fone)s 2a and 9 are both prepared under similar 
conditions using either triptycene hydroquinone or "bisphenol M" and 
4,4'fluorophenylsulfone.9 Poly(butadiene) 3 is prepared by the thermal polymerization of an 
exo-cyclic butadiene.1° The synthesis of polymer 3 was discussed in Chapter 2. 
Poly(pheny1ene)s 6 and 7 are prepared using a Suzuki-type cross-coupling polymerization of 
9,9-dioctylfluorene-2,7-bis(trimethy1borate) and an aryl diiodide or a diiodo-triptycene 
(lo).'' Poly(pheny1ene ethynylene) 5a is prepared by a Sonogashira-Hagihara cross-coupling 
polymerization of an aryl diiodide and a dialkynyl-substituted pentiptycene by previously 
reported methods." 
Scheme 5.1. Gallery of polymers employed in this work. (lefl side) polymers reactive to the 
solid-state HFIP functionalization conditions (right side) polymers unreactive to the solid- 
state HFIP functionalization conditions. (a) Condensed HFA (-20 'C), 3 hours, Ar 
Solid-State HFIP Functionalization of Polymer Films. Thin films of each polymer were 
prepared either by drop casting or spin-coating 5 mg/mL chloroform solutions of each 
polymer onto glass slides or onto silicon wafers. The films were placed into a flask fitted 
with a dry icefacetone condenser and flushed with argon. HFA was admitted to the flask 
until the films were immersed in the condensed gas (= -20 'C). After three hours, the HFA 
was removed and the system purged overnight with a flow of argon gas. The films were then 
characterized by Fourier transform-infrared spectroscopy (R-IR) as pressed KBr pellets. 
After treatment with the HFA, we found that some of the polymer films demonstrated 
the appearance of several new bands in the IR spectrum (Figure 5.1). For polymer la ,  HFA 
treatment results in the appearance of a band at -3200 cm-' that corresponds to the presence 
of a hydrogen-bonded 0-H functionality (polymer lb )  (Figure 5.1, top lef). The broadened 
band at -1100 cm" indicates additional C-F stretching vibrations. We attribute the 
broadened band at 4 5 0 0  cm-' to the formation of hexafluoroisopropyl cross-links within the 
polymer film.12 HFA is known to undergo electrophilic aromatic substitution reactions with 
phenols and other electron-rich aromatics.13 For polymer l a ,  we suspect that the 
electrophilic aromatic substitution reaction with hexafluoroacetone is occurring at the 
electron-rich dioxy-substituted ring of the triptycene moiety to yield polymer lb. 
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Figure 5.1. FT-IR spectra of polymers. (i) IR spectrum of poly(ary1ether) l a  and after 
treatment with HFA, l b  (ii) IR spectrum of poly(ary1ether sulfone) 2a and after treatment 
with HFA, 2b (iii) IR spectrum of poly(butadiene) 3 and after treatment with HFA, 4 (iv) IR 
spectrum of PPE 5a and after treatment with HFA, 5b 
The poorer solubility of the HFIP-functionalized polymer films, as well as fairly low 
degrees of HFIP functionalization in some cases, made NMR characterization of the HFIP 
content of the functionalized polymer films more difficult. As a model study, we found that 
triptycene hydroquinone can react with the significantly less reactive hexafluoroacetone 
trihydrate in the presence of a catalytic amount of p-TsOH to give 11 in 7% yield (Scheme 
5.2). 
Scheme 5.2. Synthesis of model compound 11 
(a) HFA*3H20, p-TsOH (cat), xylenes, 130 'C, 18 hrs, 7% 
For polymer 2a, HFA treatment resulted in the appearance of similar bands in the IR 
spectrum, although the magnitude of the stretches at -1 100 cm-', -1500 cm-l, and -3200 cm-' 
appear to be somewhat lower than those observed for l b  (Figure 5.1, top right). This 
indicates a significantly lower degree of HFIP functionalization for polymer 2b than in the 
case of polymer lb. The poly(butadiene) 3 and poly(pheny1ene ethynylene) 5a also display 
the appearance of similar bands in their IR spectra after the HFA treatment (polymers 4 and 
5b) (Figure 5.1, bottom). In the case of polymer 3 we suspect that the HFIP functionalization 
is occurring at the olefin. HFA is known to undergo similar reactions with olefins with 
facilityL4 We also note that after treatment with HFA, polymer 4 is poorly soluble. The 
formation of a significant quantity of hexafluoroisopropyl cross-links in the polymer film 
may explain this observation (Figure 5.2). 
2 eq. 
Figure 5.2. (a) A possible structure of a hexafluoroisopropyl cross-link within polymer film 
4. (b) Similar linking of phenols has been reported by Knunyants and co-workers.'* 
We were surprised to find that HFIP functionalization did not appear to significantly 
effect the photo-physical properties of poly(pheny1ene ethynylene) 5b when compared to that 
of the parent polymer 5a. Both the solution-state and solid-state absorption and emission 
spectra appeared to be unchanged after the HFIP functionalization procedure, even though 
there were significant changes to the IR spectrum of the polymer film (Figure 5.3). 
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Figure 5.3. The absorption and fluorescence emission spectra as solutions in chloroform 
(solid lines) and as spin-cast thin films (dotted lines) of 5a (top) and after treatment of the 
film with HFA, 5b (bottom) 
We found that HFA treatment of poly(ary1ether sulfone) 9 did not result in 
functionalization of the film with HFIP groups, as no change was detected in the IR 
spectrum. Likewise, polystyrene (a), as well as poly(pheny1ene) 6, could not be 
functionalized with HFIP groups by the same HFA treatment. Upon inspection of the 
structures of the polymers that were successfully functionalized, we find that polymers la, 
2a, 3, and 5a all present rigid three-dimensional groups such as an iptycene or some other 
rigid scaffold as a repeating structural element along their chains. The incorporation of such 
groups into the main chain of a polymer is known to provide significant porosity to the 
polymer films due to the internal free volume presented by these rigid frameworks.15 We 
suggest that the incorporation of high porosity into the polymer films enables substantial 
percolation of HFA into the films. Polymers that lack high porosity in the solid state, such as 
6,8, and 9 do not experience sufficient HFA percolation to realize detectable levels of HFIP 
functionalization. 
HFA treatment of the triptycene-containing poly(pheny1ene) 7 also failed to yield a 
HFIP functionalized polymer film, even though this polymer is expected to provide some 
amount of porosity in the solid state. We observe that polymer 7 lacks an electron-rich 
functionality with which to react with the HFA electrophile. From this result, we propose 
that in addition to groups such as iptycenes, which present some amount of porosity in the 
solid state, the polymers must also present an appropriate reactive functionality for 
successful HFIP functionalization to be realized by this technique. 
Under certain conditions, HFA is known to undergo electrophilic addition reactions 
with electron rich aromatic rings and olefins without the addition of a Lewis acid catalyst.'" 
14b In our initial investigations, we observed that the solid-state HFIP functionalization 
reaction did not require the addition of a catalyst. However, when subsequent attempts were 
made to repeat this procedure with HFA procured from a different commercial source, 
similar degrees of HFIP functionalization by this technique were not observed. In this case, 
we found that similar HFIP functionalization would result only when small amounts of a 
Lewis acid catalyst, such as BF, etherate, or a trace amount of aluminum trichloride were 
added to the reaction.', We suspect that in the initial experiments, the HFA we used may 
have contained a trace amount of hydrogen fluoride (HF) that was catalyzing the HFIP 
functionalization reaction. HF is used in the commercial production of HFA from 
hexachlor~acetone.~~ The use of HF as an acid catalyst for electrophilic reactions of phenols 
with HFA has been previously reported (Figure 5.2b). l2 
We note that when BF, etherate is used as a catalyst for this transformation, the 
appearance of similar 0-H and C-F bands are observed in the IR spectrum, but there is 
apparently much less cross-linking in these films since the formation of a broadened band at 
-1500 cm-I is not observed. Unfortunately, the use of BF, etherate as a catalyst for this 
application appears to be unsuitable for the solid-state functionalization of conjugated 
polymers such as poly(pheny1ene ethynylene) 5a since the fluorescence of the polymer is 
significantly and permanently diminished after exposure to this catalyst. 
In order to further probe the solid-state HFIP functionalization chemistry, thin-films 
of polymer 2a were characterized by secondary ion mass spectrometry (SIMS) at Evans 
Northeast Co. in Peabody, Massachusetts. See the experimental section for details of the 
SIMS equipment and experimental conditions. One of the polymer films was functionalized 
with HFIP groups by the described solid-state functionalization procedure (2b). SIMS can 
be used to obtain a profile of various ion concentrations as a function of depth within a 
polymer film (Figure 5.4). 
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Figure 5.4. A schematic illustration of the SIMS analysis of a thin film of polymer 2a on a 
silicon substrate (lef). Energetic, positively-charged, cesium primary ions (1500 eV) impact 
the surface of the polymer film. The ejected, negatively-charged, secondary ions (0 and S 
ions) are directed to a quadrupole mass spectrometer for analysis. SIMS analysis of a film of 
polymer 2a  that had been functionalized with HFIP groups (2b) by immersion in HFA for 
several hours (right). The presence of HFIP groups located close to the film surface can be 
revealed from a SIMS profile of the fluoride ion concentration as a function of film depth. 
Figure 5.5 shows the SIMS data for a thin film of polymer 2a and a polymer film that 
had been functionalized with HFIP groups (2b) (each =900 A thick). While both films 
demonstrate similar, and relatively constant, oxygen and sulfur ion concentrations throughout 
the film thickness, we find that for the HFIP-functionalized polymer film 2b, there is a 
significantly greater amount of fluorine near the film surface (depth = 0 - 200 A) than in the 
case of the unfunctionalized polymer film 2a. Deeper into the film (depth = 200 - 400 A), 
this increased fluoride ion concentration diminishes. From the SIMS data, we cannot 
speculate on a particular depth of HFIP functionalization, since the profile may be simply the 
effect of energetic primary ions (1500 eV Cs') driving fluoride ions deeper into the film. 
However, we can conclude from the SIMS data that the HFA treatment of the polymer films 
appears to result in the formation of HFIP groups close to the surface of the polymer films. 
We suspect that increasing the porosity of the polymer films, perhaps through the 
incorporation of much larger iptycene frameworks, may lead to greater HFA percolation into 
the polymer films. As a result, higher degrees of HFIP functionalization might be realized by 
this technique. 
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Figure 5.5. Secondary-ion mass spectrometry (SIMS) data of thin poly(ary1ether sulfone) 
films (1900 A) before (2a) and after (2b) solid-state HFIP functionalization with condensed 
HFA. Oxygen ion concentration profiles (top), sulfur ion concentration profiles (middle), 
fluoride ion concentration profiles (bottom traces), are shown. The SIMS fluoride ion profile 
for the unfunctionalized polymer film 2a shows that essentially no fluorine is present 
throughout the film thickness. The slight increase in intensity near the film surface (depth = 
0 - 50 A) is an artifact that is also present in the fluoride ion profile from the film of polymer 
2b and in the oxygen profiles from both of the films. 
Conclusion. We have found that thin films of certain polymers can be functionalized with 
HFIP groups by simple immersion of the polymer films into condensed hexafluoroacetone in 
the presence of an appropriate acid catalyst. Polymers that present some amount of porosity 
in the solid state as well as a suitably reactive functionality easily undergo this solid-state 
functionalization reaction. The HFIP functionalized films were characterized by IR 
spectroscopy as well as SIMS. We are interested in whether such HFIP-functionalized 
materials might find application in analyte pre-concentration or other chemosensing 
applications. 
Experimental Section 
General Methods and Instrumentation. All chemicals were of reagent grade from Aldrich 
Chemical Co. (St. Louis, MO) and used as received. All synthetic manipulations were 
performed under an argon atmosphere using standard Schlenk line techniques unless 
otherwise noted. Dimethylacetamide (DMA) was stored over potassium carbonate. 
Glassware was oven dried before use. Polymers 31°, 5a4b and 6" were prepared according to 
literature procedures. 
'H NMR, 13c NMR, and "F NMR spectra were obtained on Varian Mercury (300 
MHz) and Varian Inova (500 MHz) instruments. NMR chemical shifts are referenced to 
CHC13/TMS (7.27 ppm for 'H, 77.23 ppm for 13c). For "F NMR spectra, 
trichlorofluoromethane was used as an external standard (0 ppm) and upfield shifts are 
reported as negative values. Mass spectra (MS) were obtained at the MIT Department of 
Chemistry Instrumentation Facility (DCIF) using a peak-matching protocol to determine the 
mass and error range of the molecular ion. Fourier-Transform Infrared (FT-IR) spectroscopy 
was performed on a Perkin Elmer Model 2000 R - I R  spectrophotometer using the Spectrum 
v. 2.00 software package. 
All polymer solutions were filtered through 0.45 pm syringe filters prior to use. 
Polymer molecular weights were determined at room temperature on a HP series 1100 GPC 
system in THF at 1.0 mL/min (1 mg/mL sample concentrations) equipped with a diode array 
detector (254 nm and 450 nm) and a refractive index detector. Polymer molecular weights 
are reported relative to polystyrene standards. Polymer thin films were spin-cast from a 1 
mg/mL polymer solution in chloroform at 2000 rpm onto microscope cover slips (18 x 18 
mm) or silicon wafers. Polymer thin films were also prepared by drop-casting 5 mg/mL 
polymer solutions in chloroform onto glass slides and allowing to air dry for 1 hour. Polymer 
film thicknesses were measured with a Veeco Dektak 6M stylus profiler. 
UV/vis spectra were recorded on an Agilent 8453 diode-array spectrophotometer and 
corrected for background signal with either a solvent-filled cuvette (for solution 
measurements) or a clean glass cover slip (for thin film measurements). Emission spectra 
were acquired on a SPEX ~luorolog-T~ fluorometer (model FL-321, 450 W Xenon lamp) 
using either right-angle detection (solution-state measurements) or front-face detection (thin 
film measurements). 
The SIMS measurements were performed on a Physical Electronics Adept 1010 
quadrupole-based SIMS instrument at Evans Northeast Co. (Peabody, MA)." A 1500eV Cs' 
primary ion beam at an angle 60' incident to the sample surface was used as the sputtering 
source. The beam is rastered in an area 500um2 eroding the sample in order to acquire a 
concentration versus depth profile. The beam sputters the sample with an erosion rate 
specific to the primary beam conditions. Ions, neutrals, and electrons are subsequently 
produced in the sputtered material. Negative secondary ions are extracted, filtered using a 
quadrupole mass spectrometer, and detected with an electron multiplier. In addition, an 
electron beam was required during analysis in order to neutralize and compensate for 
charging effects due to the insulating polymer film. 
In most cases, the conversion of measured secondary ion counts to concentration is 
performed using relative sensitivity factors (RSF). Dynamic SIMS RSF values are matrix 
specific, but in this case, since a standard was not available the counts were converted to 
signal in arbitrary units. The precision or sample-to-sample variation is based on the analysis 
conditions, element monitored, and sample matrix. The depth scales were based on a sputter 
rate calculated from the depths of the analytical crater and the total sputter time measured in 
the polymer film. The crater depths were determined from stylus profilometry and the 
accuracy of the depth calibration should be within k3-5% (one sigma). Oxygen, sulfur, and 
fluorine are plotted referenced to the logarithmic signal scale (arbitrary units) on the left side 
of the processed data plot. 
5,s-Dimethyl-1,4=diiodotriptycene (10). 0.86 g (2.8 mmol) of 5,8-dimethyl- 1,4- 
triptycenequinone19 and 3.50 g (50.4 mmol) of hydroxyamine hydrochloride were combined 
in a 250 mL round bottom flask under Ar. 70 mL of absolute ethanol were added and the 
solution was allowed to reflux overnight. After cooling to room temperature the reaction 
mixture was poured into 200 mL water. The yellow solid was collected by vacuum filtration 
and dried in vacuo to yield the desired dioxime. The crude dimethyl triptycenedioxime (0.85 
g, 2.5 mmol) was then added to a 50 mL round bottom flask, which was subsequently purged 
with Ar. 10 mL of absolute ethanol was added. The mixture was heated to 70 O C ,  at which 
time a mixture of 3.40 g of SnCl, (15.1 mmol) in 10 mL concentrated aqueous HCl was 
added. Upon addition of the reductantlacid combination, the mixture became homogenous, 
but shortly after a precipitate appeared. After 1.5 hours, the mixture was cooled to ambient 
temperature and the precipitate collected by vacuum filtration to give nearly 1.0 g of an off- 
white solid as the desired dihydrochloride salt. The crude dihydrochloride salt and 40 mL of 
glacial acetic acid were added to a 500 mL round bottom flask under Argon, and cooled in an 
ice-water bath. To this mixture were added 100 mL of a 2:2:1.5 (vlvlv) mixture of 
AcOH:H,SO,:H,O that had been cooled to 0 O C .  0.96 g (13.9 mmol) of sodium nitrite was 
then added slowly as a solid over about 5 minutes to the reaction mixture whose temperature 
was maintained at O'C. The solution became red and homogenous over several minutes. 
After 1 hour, the reaction mixture was poured into an aqueous potassium iodide solution, 
2.10 g KI (12.7 mmol) in 200 mL water, at which time gas evolution was observed and a 
brown solid precipitated. This heterogeneous mixture was stirred overnight at room 
temperature. The precipitate was collected by vacuum filtration, washed with water, and 
dried in vacuo to give an orange solid. The crude product was purified by column 
chromatography (SiO,, 0 - 10% dichloromethane in hexanes) to give 0.50 g of a white 
powder (38% yield) as the desired 5,8-dimethyl- 1,4-diiodotriptycene (10). mp: 295 - 298 'C 
(dec.). 'H NMR (300 MHz, CDCI,): 6 7.48 (dd, 2H), 7.1 1 (s, 2H), 7.07 (dd, 2H), 6.79 (s, 
2H), 6.04 (s, 2H), 2.59 (s, 6H). 13C NMR (125 MHz, CDCl,): 6 150.8, 144.5, 142.8, 136.4, 
130.2, 127.0, 125.9, 124.3, 94.4, 55.7, 18.9. FT-IR (KBr): vlcm-': 2937, 1457, 1363, 1181, 
795,762,680. MS (EI) calcd for C2,H1612, 533.93; found 533.94. 
2-(2,2,2-Trifluoro- 1-hydroxy- 1- trifluoromethy1-ethy1)-triptycene-l,4-o1(11). Into a 50 
mL Schlenk tube with a magnetic stirring bar were added triptycene hydroquinone (0.30 g, 
1.0 mmol), hexafluoroacetone trihydrate (0.28 g, 1.3 mmol), p-toluene sulfonic acid 
monohydrate (5 mg, 0.03 mmol) and xylene (3.5 mL). The mixture was heated to 130 'C for 
18 hours. After cooling to room temperature, the organic layer was extracted into ethyl 
acetate (150 mL), washed with 5% HCl solution (50 mL), water (50 mL), brine (50 mL), and 
dried. The crude product was purified by column chromatography (0 - 33% ethyl acetate in 
hexanes) and dried with heating to yield 0.03 g (7%) of a tan solid (11). mp: 147 - 150 'C. 'H 
NMR (300 MHz, CDCI,): 6 7.52-7.64 (br, 1 H), 7.44 (dd, 4H, J = 3 , s  Hz), 7.04 (dd, 4H, J = 
3, 5 Hz) 6.57 (s, lH), 5.90 (s, lH), 5.83 (s, 1H). 5.50-5.54 (br, lH), 4.78 (s, 1H). 13c NMR 
(75 MHz, CDCI,): 6 145.1, 144.9, 143.7, 136.8, 136.6, 125.6, 125.5, 124.2, 124.1, 110.1, 
47.6, 47.4. 19F NMR (282 MHz, CDCI,): 6 -75.6. FI'-IR (KBr): vlcm-': 3348, 1474, 1459, 
1419, 1263, 1208, 1152, 966, 745. MS (ESI): calcd for CBHl,O,F, (M+Na)+, 475.0739; 
found 475.0732. 
Polymers la, 2a, and 9. A general procedure is illustrated by the synthesis of polymer la. 
Triptycene hydroquinone (0.10 g, 0.3 mmol) and decafluorobiphenyl (0.12 g, 0.3 mmol) 
were dissolved in DMA (6 mL). Argon was then bubbled through the solution for 30 min. 
K2C03 (0.12 g, 0.8 mmol) was added and the solution heated to 150 'C for 18 hours. Acetic 
anhydride (1 mL) was then added and the mixture was added dropwise to 100 mL of a 1:l 
methanollwater solution. The white precipitate was collected by vacuum filtration and dried 
in vacuo overnight with heating (0.14 g, 66%). 
Polymer la. GPC (THF): M, = 5K, Mw = 11K. 'H NMR (300 MHz, CDCI,): 6 7.40-7.54 
(aromatic C-H), 7.00-7.14 (aromatic C-H), 6.50-6.56 (aromatic C-H), 6.02-6.08 (iptycene 
bridgehead). l g ~  NMR (282 MHz, CDCI,): 6 -137.6 to -138.8 (br), -15 1.9 (br), -153.3 to - 
153.4 (br). FI'-IR (KBr): dcm-': 3020, 1653, 1476, 1209, 1082,980,728. 
Polymer 2a. triptycene hydroquinone (0.50 g, 1.8 mmol), 4-fluorophenyl sulfone (0.44 g, 1.8 
mmol), K2C03 (0.58 g, 4.2 mmol), DMA (5 mL). Yield: 93% GPC (THF): M, = 27K, Mw = 
41K. 'H NMR (300 MHz, CDCI,): 6 7.86-7.98 (aromatic C-H), 7.00-7.14 (aromatic C-H), 
6.86-7.00 (aromatic C-H) 6.66-6.72 (aromatic C-H), 5.40-5.45 (iptycene bridgehead C-H). 
FT-IR (KBr): vlcm-': 3069, 1590, 1474, 1326, 1294, 1228, 1 152, 1 107,992,838,757,562. 
Polymer 9. bisphenol M (0.50 g, 1.4 mmol), 4-fluorophenyl sulfone (0.37 g, 1.4 mmol), 
K2C03 (0.48 g, 3.5 mmol), DMA (4.1 mL). Yield: 79% GPC (THF): M, = 130K, M, = 
180K. 'H NMR (300 MHz, CDCl,): 6 7.78-7.88 (aromatic C-H), 7.15-7.24 (aromatic C-H), 
7.04-7.12 (aromatic C-H), 6.93-6.99 (aromatic C-H), 6.87-6.93 (aromatic C-H), 1.58-1.68 
(aliphatic C-H). R - I R  (KBr): vlcm-': 2969, 1586, 1505, 1489, 1324, 1295, 1244, 1170, 
1152,1106,854,755,555. 
Polymer 7. Poly(pheny1ene) 7 was prepared by a standard Suzuki cross-coupling 
polymerization. 27 mg of 1,4-diiodo-5,8-dimethyltriptycene (10) (0.05 mmol) and 28 mg of 
9,9-dioctylfluorene-2,7-bis(trimethy1borate) (0.05 mmol) were measured into a 25 mL 
Schlenk tube equipped with a small magnetic stir bar. To the reaction tube was added a 
small amount (< 5 mg) of Pd (PPh,), in a glovebox. The tube was then resealed and removed 
from the glovebox, at which time 1 mL of deoxygenated toluene, 1 mL of deoxygenated 2M 
aqueous potassium carbonate, and 2-3 drops of ~ l iqua t@ 336 phase transfer catalyst were 
added under a heavy argon flow. The sealed tube was then stirred vigorously at 90 "C for 48 
hours. Upon cooling to room temperature, the aqueous layer was removed by pipet, and the 
remaining toluene layer was washed with several mLs of water. The polymer was then 
precipitated from the toluene solution into 15-20 mL methanol, and collected by 
centrifugationldecanting. The polymer was then dissolved in 1-2 mL of diethyl ether and 
passed through a syringe filter to remove insoluble catalyst residues, and then reprecipitated 
into 15-20 mL methanol. Isolation by centrifuging and decanting gave the desired polymer 
(18 mg) in 54% yield. GPC (THF): Mn = 7,800, Mw = 15,000. 'H NMR (500 MHz, 
CDCl,): 6 8.05-8.00 (aromatic C-H), 7.62-7.30 (aromatic C-H), 7.24-7.04 (aromatic C-H), 
6.75-6.62 (aromatic C-H), 6.22-6.10 (aliphatic C-H), 2.45-2.00 (aliphatic C-H), 1.42-0.95 
(aliphatic C-H), 0.95-0.60 (aliphatic C-H). FI'-IR (KBr): vlcm-': 2925, 2853, 1636, 1458, 
1260, 1022,816,703. 
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Chapter 6 
Conjugated Polymers with Geminal Trifluoromethyl Substituents 
Derived from Hexafluoroacetone 
Adapted from: 
Amara, J.P.; Swager, T.M. Macromolecules, submitted for publication. 

Introduction 
In Chapters 4 and 5, we discussed our efforts to utilize hexafluoroisopropanol groups 
as strong hydrogen bond-donating sorbant elements for polymer-based chemical sensing 
applications. In this final chapter, we present related efforts to develop highly-stable, 
luminescent polymers for electronics applications. 
There is current interest in the development of highly emissive, conjugated polymer- 
based materials for display applications such as components of polymer light-emitting diodes 
(PLEDS).' For these applications, it is important to have pure color emission, high charge- 
carrier mobility, stability to oxidizing environments, processability (solubility), as well as 
efficient photo-luminescence (PL) and electro-luminescence (EL). Poly(f1uorene)s have 
become prime candidates for blue PLED applications because they have demonstrated many 
of these characteristics.* Unfortunately, poly(f1uorene)s lack the high stability to oxidizing 
environments that is required for many commercial applications. Degradation of these 
polymers can result in the appearance of a blue-green emission that is undesirable for display 
 application^.^ This spectral feature has been attributed to the formation of fluorenone defects 
in the polymer that serve as low-energy charge trapping sites for mobile excitonsO3" The 
oxidative processes greatly reduce the polymer PL or EL yield, this can limit the operating 
lifetime of a poly(fluorene) in a PLED display. 
In order to increase the stability of poly(fluorene)s to oxidation, many have 
investigated the incorporation of bulky groups into poly(fluorene)s to minimize inter- 
polymer aggregation or to impede the oxidation pro~ess .~  Substitution at the 9-position of 
fluorene does not interrupt conjugation along the extended aromatic n-system of 
poly(fluorene)s. Endo et al. have synthesized poly(fluorene)s with perfluoro-alkyl 
substituents at some of the 9-positions in an attempt to increase the stability of 
poly(fluorene)s to spectral changes through minimization of inter-polymer  interaction^.^ 
This was achieved by a post-polymerization perfluoro-alkylation of a fluorene 1 9,9- 
dialkylfluorene copolymer. Holmes et al. have reported that a CF,-substituted 
poly(pheny1ene vinylene) (PPV) shows increased stability to photo-oxidation than an un- 
substituted PPV.~ Our group has also reported several highly electron-deficient conjugated 
polymers that demonstrate very high stability towards photo-oxidation proce~ses.~ 
As part of an ongoing research effort in this area, we were interested in developing a 
route to poly(9,9-perfluoroalky1fluorene)s that does not require any post-polymerization 
synthetic chemistry. We have prepared a new poly(fluorene) monomer, 3, that presents 
geminal-trifluoromethyl (gem-CF,) groups at the 9-position of fluorene. One motivation for 
the design of this monomer is that the gem-CF, groups can be derived from 
hexafluoroacetone. This versatile reagent has a long history at ~ u ~ o n t '  and its derivatives 
are finding utility in areas such as chemical sensingg and in some electronics applications.1° 
Herein, we report an efficient synthetic route to 9,9-bis(trifluoromethyl)fluorene, 2, and its 
incorporation into several new conjugated polymers. We also prepare the related 
indenofluorene, 6, and its 1:l copolymer with 9,9-dioctylfluorene by a similar synthetic 
route. We demonstrate that the incorporation of the gem-CF, substituents yields polymers 
with slightly blue-shifted UV-vis absorption and fluorescence emission spectra and high 
solution and solid-state fluorescence quantum yields. Poly(f1uorene)s with gem-CF, 
substituents demonstrate enhanced stability towards photo-oxidation. 
Results and Discussion 
Monomer Synthesis. The synthetic route to the desired 9,9-bis(trifluoromethy1)fluorene 
monomer, 3, is illustrated in Scheme 6.1. Lithiation of a commercially available 2-iodo- 
substitued biphenyl with n-butyl-lithium and quenching of the generated organometallic 
species with hexafluoroacetone results in the formation of a 2-hexafluoroisopropanol (HFIP) 
substituted biphenyl, compound 1 (80% yield). It was initially suspected that treatment of 1 
with a strong acid, a dehydrating agent, or a Lewis acid would result in facile Friedel-Crafts 
cyclization to yield the desired 9,9-bis(trifluoromethyl)fluorene, 2. This did not prove to be 
the case, as the generated carbocation underwent isomerization instead of the desired 
cyclization. Such isomerizations have been described elsewhere.'' Initial investigations of 
the chemistry of the HFIP group by Cassidy and co-workers have reported their poor 
reactivity towards Friedel-Crafts reactions.12 After an attempt to prepare the chloride from 
alcohol 1, we discovered that treatment of 1 with an excess of thionyl chloride and pyridine 
as a base results in efficient cyclization (83% yield) to the desired gem-CF, substituted 
fluorene, 2.13 One particularly attractive feature of this synthesis is that the gem-CF, 
substituents at the 9-position of the fluorene are not installed by the commonly employed 
fluorene deprotonation and alkylation strategy. The presence of 9-monoalkyl fluorene 
contaminants in poly(9,9-dialkylfluorene)~ contribute greatly to the reported spectral changes 
and polymer degradation processes.14 In order to prepare conjugated polymers derived from 
compound 2, it was necessary to install halogens at the 2,7 positions of the fluorene. 
Iodination of compound 2 with N-iodosuccinimide under acidic conditions afforded the 2,7- 
diiodo-substituted fluorene, 3, in good yield (55%). 
Scheme 6.1. Synthesis of Monomer 3 
I 
(a) (i) n-BuLi, hexanes, -78 'C to RT, 0.5 hr (ii) hexafluoroacetone, -78 'C to RT, 3 hrs, 80% 
(b) SOCI,, pyridine, 100 'C, 48 hrs, 83% (c) N-iodosuccinimide, AcOH, H2S04, 65 'C, 18 
hrs, 55%. 
Photo-physical Properties of Compound 2. Figure 6.1 presents the solution-state UV-vis 
absorption and fluorescence emission spectra of compound 2. For comparison, we also show 
the absorption and emission spectra of its hydrocarbon analog, 9,9-dimethylfluorene.15 From 
the data, we find that the presence of the gem-CF, groups at the 9-position results in no major 
perturbation of UV-vis absorption hmm (267 nm for 2, 265 nm for 9,9-dimethylfluorene) 
while there are some more significant differences in the fluorescence emission (322 nm 
for 2, 306 and 316 nm for 9,9-dimethylfluorene). We also find that 9,9-dimethylfluorene 
presents two peaks at 295 nm and 300 nm in its UV-vis absorption spectral6 and the 
corresponding transitions are not apparent in the absorption spectra of 2. This observation is 
consistent with a previous report by Eaborn and Shaw, which reported that the intensity of 
the low-energy sc-sc* transitions are greatly reduced in the ultra-violet absorption spectra of 
fluorenes with electron-withdrawing substituents located at the 9-position.'' In addition, the 
emission spectrum of 2 has a larger Stokes shift as well as less-resolved vibrational structure 
than that of 9,9-dimethylfluorene. The observed differences in the emission spectra of 2 may 
be attributed to excited-state interactions with the electron-withdrawing gem-CF, 
substituents. 
Wavelength (nm) 
Figure 6.1. The absorption (dotted line) and fluorescence emission spectra (solid line) of (a) 
2 and (b) 9,9-dimethylfluorene in chloroform solution. 
Syntheis of Indenofluorene Monomer 7. The synthetic route to the 2,8-diiodo-6,6,12,12- 
tetrakis-(trifluoromethy1)indenofluorene monomer, 7, is illustrated in Scheme 6.2. Treatment 
of 1,4-dibromo-2,5-diodobenzene (4) with phenylmagnesium bromide (5 eq.) results in the 
formation of a 2',5'-substituted p-terphenyl di- rign nard'^ that is quenched with excess 
hexafluoroacetone to afford compound 5 in 23% yield. Heating compound 5 with an excess 
of thionyl chloride and pyridine provides the desired tetrakis(trifluoromethy1)-substituted 
indenofluorene, 6 (66% yield). Iodination of compound 6 with N-iodosuccinimide under 
acidic conditions affords the 2,8-diiodo-substituted indenofluorene, 7, in 29% yield. 
Scheme 6.2. Synthesis of Monomer 7 
(a) (i) PhMgBr, THF, 8 hrs (ii) hexafluoroacetone, -78 "C to RT, 3 hrs, 23% (b) SOCI,, 
pyridine, 100 "C, 24 hrs, 66% (c) N-iodosuccinimide, AcOH, H2S04, 75 "C, 48 hrs, 29%. 
Photo-physical Properties of Compound 6. Figure 6.2 presents the solution-state W-vis  
absorption and fluorescence emission spectra of compound 6. The absorption and 
fluorescence emission of compound 6 (308 nm and 357 nm, respectively) are red-shifted 
with respect to fluorene 2, as is expected from an extended conjugated system. Similar to the 
case of 2, the absorption spectrum of 6 shows a reduction in the intensity of the lowest 
energy x-x* transition (324 nm) when compared to reported spectra for an un-substituted 
indenofluorene.lg The fluorescence emission spectrum of compound 6 shows a larger Stokes 
shift, as well as less-resolved vibrational structure than an un-substituted indenofluorene. 
These spectral changes are consistent with those observed for compound 2 and are attributed 
to the effect of the electron-withdrawing gem-CF, substituents located at the 6- and 12- 
positions of indenofluorene 6. 
Wavelength (nm) 
Figure 6.2. The absorption (dotted line) and fluorescence emission spectra (solid line) of 6 
in chloroform solution. 
Polymer Synthesis. The 2,7-diiodo-substituted fluorene monomer 3 was incorporated into 
several conjugated polymers (Scheme 6.3). Poly(fluorene) P 1  was prepared by the method 
of Yamamoto using a zero-valent nickel complex.20 Perhaps not surprisingly, this polymer 
demonstrates fairly poor solubility due to the lack of solublizing side chains. The only 
soluble material from the polymerization were oligomers with a number-average molecular 
weight (M,) of 4000 Da (degree of polymerization: 13). Polymer P2,  a poly(pheny1ene 
ethynylene) (PPE), was prepared by a palladium-catalyzed, Sonogashira-Hagihara cross- 
coupling polymerization of monomer 3 with a di-alkynyl-substituted pentiptycene, 8.21 
Similar PPEs have been studied extensively in our research group. In an effort to prepare a 
more soluble poly(fluorene) with higher molecular weight, polymer P3  was prepared by a 
Suzuki-type cross-coupling polymerization between monomer 3 and a commercially- 
available 9,9-dioctylfluorene diboronate ester, 9. As expected, the incorporation of alkyl 
side-chains increased the solubility of the polymer, and polymer P3 was isolated with higher 
molecular weight (M, = 12000 Da) than polymer PI. 
Scheme 6.3. Synthesis of conjugated polymers with gem-CF, substituents 
(a) Ni(CODX, 2,2'-bipyridyl, 1,s-cyclooctadiene (COD), DMF, toluene, 80 'C, 55% 
(polymer P 1) (b) 3 ,  Pd(PPh,),, CuI, toluene, 'P~,NH, 65 'C, 35% (polymer P2) (c) 3, 
Pd(PPh3),, K2C03, toluene, H20, Aliquato 336, 100 'C, 47% (polymer P3). 
The indenofluorene monomer 7 was polymerized by a Suzuki-type cross-coupling 
polymerization with monomer 9 to yield polymer P4 (Scheme 6.4). Although monomer 7 is 
sparingly soluble in organic solvents, P4 is soluble and was obtained with relatively high 
molecular weight (M, = 14000 Da). 
Scheme 6.4. Synthesis of the indenofluorene-containing polymer, P4 
(a) 9, Pd(PPh,),, K2C03, toluene, H,O, AliquatB 336, 100 'C, 39% (polymer P4). 
Polymer Photo-physical Properties. The polymer molecular weight data and photo- 
physical properties are summarized in Figure 6.3 and Table 6.1. For comparison, we also 
report data for poly(9,9-dioctylfluorene), (PS), purchased from H.W. Sands Corporation. 
Polymers P1 and P3 demonstrate blue-shifted UV-vis absorption and fluorescence emission 
spectra relative to polymer P5, as well as comparable solution and solid-state fluorescence 
quantum yields. We find that the low molecular weight polymer P1 demonstrates the bluest 
UV-vis absorption and fluorescence emission h- of all of the polymers. The thin-film 
fluorescence emission spectrum from polymer P1 demonstrates some aggregate emission 
near 435 nm that could be due to its low molecular weight and poor film-forming properties. 
Polymer P3, which contains 50% of the gem-CF, substituted fluorene monomer, has 
absorption and emission spectra that lie in between those of P1 and P5. Polymer P4 presents 
very similar absorption and emission spectral features to polymer P3. The absorption and 
emission h,= of P4 are slightly red-shifted due to the indenofluorene framework. These 
photo-physical results indicate that the incorporation of the gem-CF, substituted fluorene has 
only a minimal effect on the polymer W-vis  solution absorption and fluorescence emission 
characteristics. This trend is also evident in the optical band gap data where an increase in 
gem-CF, substituted fluorene content corresponds with a slight widening of the band gap. 
The gem-CF, groups also appear to limit p-phase formation, as the thin-film absorption and 
emission spectra of polymers P3 and P4 are minimally red-shifted with respect to their 
solution-state spectra while a thin-film of polymer P5 demonstrates the appearance of a small 
feature near 400 nm (3.1 eV) in the absorption spectrum as well as a significantly red-shifted 
emission spectrum with a well-resolved vibronic progression that can be attributed to fJ- 
phase formation." 
Wavelength (nrn) Wavelength (nm) 
Figure 6.3. The UV-vis absorption and fluorescence emission spectra of polymers (a) PI, 
(b) P2, (c) P3, (d) P4, and (e) P5 in chloroform solution (solid lines) and as thin-films 
(dotted lines). 


Polymer Photo-bleaching. In order to determine whether the incorporation of the gem-CF, 
groups could impart increased photo-oxidative stability for display applications, photo- 
bleaching experiments on thin films of the polymers were performed (Figure 6.5). Figure 6.4 
compares the photo-oxidation of thin-films of polymers P I ,  P3, P4, and P5. In these 
experiments, the polymer films were subjected to UV irradiation at 380 nm for extended 
periods under aerobic conditions. A 450 W xenon lamp was used as the irradiation source 
(excitation band pass = 10 nm). The optical density of all of the polymer films were matched 
at 0.10 kO.01 at the irradiation wavelength (380 nm). The percent fluorescence intensity is 
calculated based on the emission intensity at the emission h. From the data, we find that 
polymer P1 demonstrates the greatest photo-stability, maintaining approximately 65% of the 
initial fluorescence intensity after 30 minutes of irradiation. Polymer P5 demonstrates the 
most rapid photo-oxidative bleaching, with less than 30% of the initial intensity remaining 
after 30 minutes of irradiation. Polymer P3, the 1: 1 copolymer of the gem-CF, substituted 
fluorene and 9,9-dioctyl-substituted fluorene monomers, is much less stable to photo- 
oxidation than PI ,  but displays slightly greater photo-stability than P5. Approximately 40% 
of the initial fluorescence intensity remains after 30 minutes of UV irradiation of this 
polymer. Polymer P4 demonstrates photo-bleaching behavior similar to that of polymer P3. 
The indenofluorene framework does not appear to impart any additional photo-oxidative 
stability to the polymer. In summary, the photo-bleaching experiments revealed that the 
gem-CF, containing polymers P I ,  P3, and P4 demonstrate greater stability than the parent 
poly(9,9-dioctylfluorene), P5. The homo-polymer P 1 demonstrates by far the highest 
stability towards photo-oxidation, while the co-polymers P3  and P4 demonstrate only modest 
improvements in stability when compared to P5. These results indicate that although gem- 
CF, substitution at the 9-position of fluorene results in only minimal perturbations to the 
polymer spectral features, it does significantly increase the stability of the polymers to photo- 
oxidation. 
Poly(9,9-dialkylfluorene)~ are known to undergo oxidation at the 9-position of 
fluorene to form fluorenone defect sites that result in the appearance of an undesired blue- 
green emission in PLED devices. We observe the appearance of a broad, featureless, red- 
shifted emission from all four polymer films upon UV irradiation in the area-normalized 
fluorescence emission spectra (Figure 6.6). We suspect that the rate of photo-oxidation is 
perturbed by substitution of gem-CF, groups at this site. Interestingly, we find that during 
the first 5 minutes of irradiation, the rate of photo-bleaching of polymers P3, P4, and P5 
appears to be much more rapid than in the case of PI .  The rate appears to slow after longer 
irradiation exposures, likely due to restricted oxygen transport to deeper levels in the films. 
Time (min) 
Figure 6.4. The time dependence of the fluorescence emission intensity of thin films of PI,  
P3, P4, and P5 under UV irradiation at 380 nm. The optical density of all of the polymer 
films at the irradiation wavelength was 0.10 2 0.01. 
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Figure 6.5. Solid-state fluorescence emission spectra of polymers (a) PI, (b) P3, (c) P4, and 
(d) P5 after UV irradiation at 380 nm for 0,5, 10,20,30, and 60 minute periods. The optical 
densities of all of the polymer films were 0.10 k0.01 at the irradiation wavelength. 
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Figure 6.6. Area-normalized solid-state fluorescence emission spectra of polymers (a) PI, 
(b) P3, (c) P4, and (d) P5 after UV irradiation at 380 nm for 0,5, 10,20, 30, and 60 minute 
periods. The optical densities of all of the polymer films were 0.10 20.01 at the irradiation 
wavelength. 
Conclusion. We have developed efficient synthetic routes to 9,9-bis(trifluromethy1)fluorene 
and 6,6,12,12-tetrakis(trifluoromethyl)indenofluorene and have investigated their 
incorporation into several different conjugated polymers. We find that conjugated polymers 
which contain gem-CF, substituted fluorenes demonstrate blue-shifted UV-vis absorption 
and fluorescence emission spectra and slightly wider band gaps than a 9,9-dialkyl-substituted 
poly(f1uorene). Overall, perturbations to the polymer electronics due to the gem-CF, 
substituents at the 9-position of fluorene were minimal. Photo-bleaching experiments 
revealed that the gem-CF, groups significantly enhance the photo-stability of poly(fluorene)s 
to photo-oxidation. We are interested in the development of these new materials for highly- 
stable PLED applications. 
Experimental Section 
General Methods and Instrumentation. All chemicals were of reagent grade from Aldrich 
Chemical Co. (St. Louis, MO), Strem Chemicals, Inc. (Newburyport, MA), or H.W. Sands 
Corp. (Jupiter, FL) and used as received. All synthetic manipulations were performed under 
an argon atmosphere using standard Schlenk line or drybox techniques unless otherwise 
noted. Dimethylformamide (DMF) was distilled under reduced pressure over calcium 
hydride before use. Glassware was oven dried before use. Column chromatography was 
performed using Baker 40 pm silica gel. All organic extracts were dried over MgSO, and 
filtered prior to removal with a rotary evaporator. Compounds 418 and can be prepared by 
literature procedures. 
'H NMR, ',c NMR, and "F NMR spectra were obtained on Varian Mercury (300 
MHz), Bruker Avance-400 (400 MHz), and Varian Inova (500 MHz) instruments. NMR 
chemical shifts are referenced to CHCl,/TMS (7.27 ppm for 'H, 77.23 ppm for 13c). For "F 
NMR spectra, trichlorofluoromethane was used as an external standard (0 ppm) and upfield 
shifts are reported as negative values. In some cases, signals associated with the CF, groups 
and proximal quaternary centers were not reported in the "C NMR spectra due to C-F 
coupling and low signal to noise ratios. Mass spectra (MS) were obtained at the MIT 
Department of Chemistry Instrumentation Facility (DCIF) using a peak-matching protocol to 
determine the mass and error range of the molecular ion. Fourier-Transform Infrared (FT-IR) 
spectroscopy was performed on a Perkin Elmer Model 2000 FT-IR spectrophotometer using 
the Spectrum v. 2.00 software package. 
All polymer solutions were filtered through 0.2 pm syringe filters prior to use. 
Polymer molecular weights were determined at room temperature on a HP series 1100 GPC 
system in THF at 1.0 mllmin (1 mg1mL sample concentrations) equipped with a diode array 
detector (254 nm and 450 nm) and a refractive index detector. Polymer molecular weights 
are reported relative to polystyrene standards. Polymer thin films were spin-cast from 
chloroform solution onto microscope cover slips (18 x 18 mm). 
UVIvis spectra were recorded on an Agilent 8453 diode-array spectrophotometer and 
corrected for background signal with either a solvent-filled cuvette (for solution 
measurements) or a clean glass cover slip (for thin-film measurements). Emission spectra 
were acquired on a SPEX ~luorolog-I? fluorometer (model FL-321, 450 W Xenon lamp) 
using either right-angle detection (solution measurements) or front face detection (thin-film 
measurements). Fluorescence quantum yields of solutions were determined by comparison to 
appropriate standards and are corrected for solvent refractive index and absorption 
differences at the excitation wavelength (366 nm). Fluorescence quantum yields of thin 
films are reported relative to polymer P5 (a, = 1.00) and are corrected for differences in 
absorbance at the excitation wavelength (380 nm). 
Melting points were measured with a Meltemp I1 apparatus and are reported 
uncorrected. 
2-Biphenyl-2-yl- l,l, 1,3,3,3-hexafluoro-pro-(1). Into a 250 mL round bottom flask 
with a sidearm stopcock, a magnetic stirring bar and a 50 mL addition funnel, were added 
5.60 g (20.0 mmol) of 2-iodobiphenyl, and 50 mL of hexanes. The mixture was cooled to 
-78 'C and 14 mL of a 1.6 M solution (22.4 mmol) of n-butyl lithium in hexanes was added 
slowly dropwise over 1 hour. After the addition was complete, the solution was allowed to 
warm to room temperature for 30 minutes. The addition funnel was quickly replaced with a 
Dewar-type condenser under a heavy flow of argon. Both the reaction mixture and the 
condenser were then cooled to -78 'C. An excess of anhydrous hexafluoroacetone was 
admitted to the flask by means of a tube connected to the stopcock. The reaction mixture 
was allowed to warm to room temperature, and the hexafluoroacetone was allowed to reflux 
for 3 hours. Excess hexafluoroacetone was removed by flushing the apparatus with argon for 
several hours. A bubbler filled with 10% aq. NaOH solution was used to trap the reactive 
vapor. The reaction mixture was treated with a 5% HCl solution (50 mL) and extracted with 
diethyl ether (300 mL). The organic extracts were washed with a 5% HCl solution (100 mL), 
water (300 mL), brine (100 mL) and dried. The residue was purified by column 
chromatography (0-20% ethyl acetate in hexanes) to yield 5.15 g (80%) of a crystalline solid. 
mp: 52-53 'C. 'H NMR (500 MHz, CDCI,): 6 7.79 (m, lH), 7.47 (m, 5H), 7.38 (m, 2H), 7.19 
(m, lH), 3.48 (s, 1H). 13c NMR (125 MHz, CDCI,): 6 141.5, 140.0, 135.5, 129.4, 129.3, 
129.0, 128.9, 128.2, 128.1, 126.7, 124.0, 121.7. "F NMR(282 MHz, CDCI,): 6 -75.3. FI'-IR 
(KBr): ~ l c m ' ~ :  3506, 3065, 1597, 1574, 1483, 1444, 1366, 1196, 1150, 1111, 1057, 1010, 
966, 951, 926, 763, 709, 661, 538. MS (EI): calcd for C15Hl$60 (M'), 320.0630; found 
320.0626. 
9Q-Bis-trifluoromethyl-9H-fluorene (2). Into a 250 mL heavy walled glass tube with a 
magnetic stirring bar and a teflon screwcap closure were added 3.00 g (9.4 mmol) of 1, 21 
mL (290 mmol) of thionyl chloride and 4 mL (50 mmol) of pyridine. The reaction mixture 
was heated to 100 'C for 48 hours. The reaction mixture was evaporated to dryness. The 
residue was purified by column chromatography (hexanes) to yield 2.36 g (83%) of a 
colorless powder. mp: 75-76 'C. 'H NMR (300 MHz, CDCI,): 6 7.81 (m, 4H), 7.58 (td, 2H, 
J = 1, 8 Hz), 7.43 (td, 2H, J = 1, 8 Hz). "C NMR (75 MHz, CDCI,): 6 142.7, 134.8, 13 1 .O, 
128.5, 126.6,120.8. '?F NMR (282 MHz, CDCI,): 6 -68.8. FT-IR (KBr): dcm-': 3069, 
1477, 1453, 1305, 1271, 1187, 1160, 1143, 11 15,979,964,944,930,763,738,695,677, 
669. MS (EI): calcd for C15H8F6 (M'), 302.0525; found 302.0518. 
2,7-Diiodo-9,9-bis-trifluoromethyl-9H-fluor e n  (3). Into a 50 mL Schlenk tube with a 
magnetic stirring bar, were added 0.15 g (0.5 mmol) of 2 ,  0.24 g (1.1 mmol) of N- 
iodosuccinimide and 5 mL of a 5:l acetic acid / concentrated sulfuric acid solution. The 
reaction mixture was heated to 65 'C for 18 hours. After cooling to room temperature, the 
reaction mixture was poured into a 10% NaOH (aq.) solution and extracted with 
dichloromethane (150 mL). The organic extract was washed with 10% NaOH (100 mL), 
water (100 mL), brine (100 mL) and dried. The residue was purified by column 
chromatography (hexanes). Recrystallization with hexanes afforded 0.15 g (55%) of 
colorless needles. mp: 228-230 'C. 'H NMR (500 MHz, CDCI,): 6 8.09 (s, 2H), 7.91 (dd, 
2H, J = 2,8  Hz),7.51 (d, 2H, J = 8 Hz). 13C NMR (125 MHz, CDCl,): 6 141.3, 140.4, 136.1, 
135.5, 122.4,93.9. "F NMR (282 MHz, CDCI,): 6 -68.4. R - I R  (KBr): vlcm-': 1559, 1456, 
1396,1289,1263,1221,1179,1134,1063,969,950,884,813,742,683,525,426. MS (EI): 
calcd for C15H6F61, (M'), 553.8458; found 553.8446. 
1,1,1,3,3,3-Hexafluoro-2-[5'-(2,2,2- trifluoro-1-hydroxy-1-trifluoromethyl-ethyl)-[I, 
'1;4',1"]terphenyl-2'-yl]-propan-2-ol(5). Into a 250 mL three-necked, round bottom flask 
with a magnetic stirring bar and a 125 mL addition funnel, were added a solution of 
phenylmagnesium bromide (51.0 mmol) in 100 mL of THF. A solution of 5.00 g (10.2 
mmol) of 1,4-dibromo-2,s-diiodobenzene (4) in 50 mL of THF was added slowly dropwise 
over 1.5 hours. After the addition was complete, the solution was stirred at room 
temperature for 8 hours. The addition funnel was quickly replaced with a Dewar-type 
condenser under a heavy flow of argon. The reaction mixture was cooled to 0 'C and the 
Dewar-type condenser was cooled to -78 'C. An excess of anhydrous hexafluoroacetone 
was admitted to the flask by means of a long needle. The reaction mixture was allowed to 
warm to room temperature, and the hexafluoroacetone was allowed to reflux for 3 hours. 
Excess hexafluoroacetone was removed by flushing the apparatus with argon for several 
hours. A bubbler filled with 10% aq. NaOH solution was used to trap the reactive vapor. 
The reaction mixture was treated with a 5% HCl solution (150 mL) and extracted with 
diethyl ether (300 mL). The organic extracts were washed with a 5% HCl solution (100 mL), 
water (150 mL), brine (100 mL) and dried. The residue was purified by column 
chromatography (0-20% ethyl acetate in hexanes) to yield an oily paste. This residue was 
triturated with a small amount of hexanes and filtered to yield 1.33 g (23%) of a colorless 
powder. mp: 220-222 'C. 'H NMR (500 MHz, CDClJ: 6 7.56 (s, 2H), 7.54-7.50 (m, 6H), 
7.42-7.38 (m, 4H), 3.41 (s, 2H). 13c NMR (125 MHz, CDClJ: 6 141.3, 138.7, 133.0, 129.4, 
129.2, 129.1, 128.1, 123.6, 121.3. "F NMR (282 MHz, CDC13): 6 -74.9. FT-IR (KBr): vlcm- 
: 3431, 3069, 1207, 1141, 965, 764, 732, 714. MS (EI): calcd for C~H,J?,,O, (M'), 
562.0797; found 562.08 12. 
6 , 6 , 1 2 , 1 2 - T e t r a k i s - t r i f l u o r o m e t h y l - 6 , 1 2 - d ( 6 ) .  Into a 50 mL 
heavy walled glass tube with a magnetic stirring bar and a teflon screwcap closure were 
added 0.50 g (1.0 mmol) of 5,4.0 mL (55 mmol) of thionyl chloride and 0.9 mL (1 1 mmol) 
of pyridine. The reaction mixture was heated to 100 'C for 24 hours. The reaction mixture 
was evaporated to dryness. The residue was purified by column chromatography (0-5% 
ethyl acetate in hexanes) to yield 0.31 g (66%) of a colorless powder. mp: 283-284 'C 
(sublimes). 'H NMR (500 MHz, CDCI,): 6 8.14 (s, 2H), 7.89 (m, 2H), 7.83 (m, 2H), 7.63 
(td, 2H, J = 1,8  Hz), 7.48 (td, 2H, J = 1,8  Hz). 13C NMR (125 MHz, CDCl,): 6 143.2, 141.7, 
137.8, 135.0, 131.3, 129.1, 126.7, 125.0, 122.7, 121.2, 118.9. "FNMR (282 MHz, CDCI,): 6 
-68.4. R - I R  (KBr): vlcm-': 1255, 1187,980,761,727. MS (EI): calcd for CNHl0FF,, (Mt), 
526.0585; found 526.0597. 
2,8-Diiodo-6,6,12,12-tetrakis-trifluorometh1-6,12-dihdro-indeno[1,2-b]florene (7).
Into a 50 mL round bottom flask with a magnetic stirring bar, were added 0.14 g (0.3 mmol) 
of 6,0.26 g (1.2 mmol) of N-iodosuccinimide and 15 mL of a 4: 1 acetic acid / concentrated 
sulfuric acid solution. The reaction mixture was heated to 75 'C for 48 hours. After cooling 
to room temperature, the reaction mixture was poured into water (200 mL). The precipitate 
was isolated by vacuum filtration and was rinsed with water (100 mL), methanol (50 mL) 
and dried. The poorly soluble residue was triturated with hot ethyl acetate three times to 
afford 0.06 g (29%) of a colorless powder. mp: >350 'C. 'H NMR (500 MHz, CDC13: 6 
8.13 (s, 2H), 8.09 (s, 2H), 7.97 (dd, 2H, J = 2, 8 Hz), 7.63 (d, 2H, J = 8 Hz). 13c NMR (125 
MHz, CDCI,): 6 140.6, 122.7 (partial)? "F NMR (282 MHz, CDCI,): 6 -68.3. FI'-IR (KBr): 
~ l c m - ~ :  1572, 1463, 1428, 1302, 1256, 1181, 1156, 1141, 1125, 1059, 1029,979,964,887, 
822,752,730,684,53 1. MS (EI): calcd for %H,F,,I, (MC), 777.85 18; found 777.8523. 
Polymer PI. Into a 50 mL Schlenk tube with a magnetic stirring bar were added 7 mg (0.04 
mmol) of 2,2'-bipyridyl, 11 mg (0.04 mmol) of bis(l,5-cyclooctadiene)nickel(0), 20 mg 
(0.20 mmol) of 1,5-cyclooctadiene and 0.30 mL of a de~xygenated~~ 2:5 dimethylformamide: 
toluene solution. The reaction mixture was heated to 80 "C for 30 minutes. A solution of 10 
mg (0.02 mmol) of compound 3 in 0.15 rnL of toluene was then added. The reaction mixture 
was heated at 80 'C for 72 hours. After cooling to room temperature, the polymer was 
precipitated into 15 mL of methanol. The precipitate was isolated by centrifugation and 
decantation of the supernatant. The precipitate was washed with another 20 mL portion of 
methanol. The material was dried under vacuum to yield a lightly colored solid (3 mg, 55%). 
P I :  GPC (THF): Mn = 4K Da, Mw = 5K Da. 'H NMR (300 MHz, CDCl,): 6 8.09-8.02 
(aromatic C-H), 8.00-7.82 (aromatic C-H). 19F NMR (282 MHz, CDCl,): 6 -68.4. FT-IR 
(KBr): vlcm-': 2925, 1284, 1256, 1 198, 1 180, 1 144,979,893,8 15,745,699,668. 
Polymer P2. Into a 25 mL Schlenk tube with a magnetic stirring bar were added 10 mg 
(0.02 mmol) of compound 3 , 9  mg (0.02 mmol) of compound 8, copper iodide (xlmg), and 
Pd(PPh,), (<I mg). A deoxygenated solution of 3:2 (vlv) tolueneldiisopropylamine (0.60 
mL) was then added. The tube was sealed and heated to 65 ' C  for 72 hours. After cooling to 
room temperature, the reaction mixture was precipitated by slow addition to 20 mL of 
methanol. The precipitate was isolated by centrifugation and decantation of the supernatant. 
The precipitate was washed with several 20 mL portions of methanol to remove any short 
oligomers. The material was then dissolved in dichloromethane and filtered through a 0.2 
pM syringe filter. The material was dried under vacuum to yield a yellow solid (5 mg, 35%). 
P2: GPC (THF): M, = IOK Da, Mw = 40K Da. 'H NMR (300 MHz, CDCl,): 6 8.30-8.25 
(aromatic C-H), 8.12-8.08 (aromatic C-H), 7.52-7.43 (aromatic C-H), 7.08-6.99 (aromatic C- 
H), 6.01-5.94 (aliphatic C-H). "F NMR (282 MHz, CDCI,): 6 -68.1. R - I R  (KBr): vlcm-': 
2926,1459,1381,1297,1260,1203,1150,980,898,828,753,668,566. 
Polymers P3 and P4. A general procedure is illustrated by the synthesis of polymer P3. Into 
a 25 mL Schlenk tube with a magnetic stirring bar were added 10 mg (0.02 mmol) of 
compound 3, 10 mg (0.02 mmol) of 9,9-dioctylfluorene-2,7-bistrimethyleneborate (9), and 
Pd(PPh,), (<3 mg). A deoxygenated aqueous 2M K2C03 solution (1 mL), deoxygenated 
toluene (1 mL) and approximately 30 mg of Aliquat 336 were added. The reaction mixture 
was heated to 100 'C for 48 hours. After cooling to room temperature, the polymer was 
precipitated into 15 mL of methanol. The precipitate was isolated by centrifugation and 
decantation of the supernatant. The precipitate was dissolved in diethyl ether (2 mL) and 
precipitated into 15 mL of methanol. The precipitate was isolated by centrifugation and 
decantation of the supernatant. The material was then dissolved in dichloromethane and 
filtered through a 0.2 pM syringe filter. The material was dried under vacuum to yield a 
yellow solid (6 mg, 47%). 
P3: GPC (THF): M, = 12K Da, M, = 21K Da. 'H NMR (300 MHz, CDCl,): 6 8.14-8.06 
(aromatic C-H), 7.96-7.82 (aromatic C-H), 7.74-7.60 (aromatic C-H), 2.22-1.98 (aliphatic C- 
H), 1.36-0.94 (aliphatic C-H), 0.92-0.68 (aliphatic C-H). "F NMR (282 MHz, CDCI,): 6 - 
68.4. FI'-IR (KBr): vlcm-': 2927, 2855, 1459, 1259, 1 199, 1 166, 1 146, 979, 889, 8 16,745, 
668. 
P4: (39%) GPC (THF): M, = 14K Da, M, = 25K Da. 'H NMR (500 MHz, CDCI,): 6 8.25- 
8.16 (aromatic C-H), 8.14-8.06 (aromatic C-H), 8.04-7.82 (aromatic C-H), 7.74-7.58 
(aromatic C-H), 2.22-1.94 (aliphatic C-H), 1.38-0.96 (aliphatic C-H), 0.95-0.64 (aliphatic C- 
H). '?F NMR (282 MHz, CDCI,): 6 -68.2. R-IR (KBr): vlcm-': 2929,2856, 1463, 1437, 
1258,1201,1176,1150,981,953,890,819,751,732,668. 
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Appendix 1 
X-ray diffraction data for Chapter 1 

X-ray Difiaction Data for Compound 1 Chapter 1 Appendix 
X-ray crystal structure determination. Crystals of 1 were grown by the slow 
equilibriation of hexane with a concentrated CH2C12 solution of 1. Crystal structure 
determination was performed at the Massachusetts Institute of Technology Department of 
Chemistry X-ray diffraction facility, using a Bruker Smart diffractometer equipped with a 
Kappa CCD area detector using radiation from a Mo-K, source monochromated through 
graphite (h = 0.71073 A). Structures were solved and refined using the Bruker SHELXTL 
package. Crystal structure data are reproduced below (Tables 1-5). 
X-ray DifSraction Data for Compound 1 Chapter I Appendix 
Table 1. Crystal data and structure refinement for compound 1. 
Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 
Volume 
z 
Density (calculated) 
Absorption coefficient 
F(000) 
Crystal size 
Theta range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to theta = 28.32' 
Refinement method 
Data I restraints I parameters 
Goodness-of-fit on ~2 
Final R indices [1>2sigma(I)] 
R indices (all data) 
Largest diff. peak and hole 
compound 1 
C, H26 Cl6 
791.37 
193(2) K 
0.7 1073 A 
Monoclinic 
P2(1)ln 
a = 17.3123(18) A a= 90'. 
b = 6.5137(7) A b= 94.986(2)'. 
c = 34.020(4) A g = 90'. 
3821.8(7) A3 
4 
1.375 ~ ~ / m ~  
0.483 mm-l 
1616 
?x?x?mm3 
2.24 to 28.32". 
- 13<=h<=22, -8<=k<=7, -45<=1<=43 
20303 
8507 [R(int) = 0.1102] 
89.3 % 
Full-matrix least-squares on ~2 
8507 10 1442 
1.878 
R1 = 0.2776, wR2 = 0.5468 
R1 = 0.3 138, wR2 = 0.5595 
1.026 and -0.888 e.A-3 
X-ray Diffraction Data for Compound 1 Chapter 1 Appendix 
Table 2. Atomic coordinates ( x lo4) and equivalent isotropic displacement parameters 
(A2x 103) for 1. U(eq) is defined as one third of the trace of the orthogonalized uiJ tensor. 
X-ray Diffraction Data for Compound 1 Chapter 1 Appendix 
X-ray Diflaction Data for Compound 1 
Table 3. Bond lengths [A] and angles ["I for 1. 
Chapter 1 Appendix 
X-ray Diffraction Data for Compound 1 Chapter 1 Appendix 
X-ray Diffraction Data for Compound 1 Chapter 1 Appendix 
X-ray Diffraction Data for Compound 1 Chapter 1 Appendix 
X-ray D i m t i o n  Data for Compound 1 Chapter 1 Appendix 
Symmetry transformations used to generate equivalent atoms: 
205 
X-ray Diffraction Data for Compound 1 Chapter 1 Appendix 
Table 4. Anisotropic displacement parameters (A2x lo3) for 1. The anisotropic 
displacement factor exponent takes the form: -2p2[ h2 a * 2 ~ 1  l + ... + 2 h k a* b* u12 ] 
X-ray Diffraction Data for Compound 1 Chapter 1 Appendix 
X-ray Diflaction Data for Compound 1 Chapter 1 Appendix 
Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 10 3) 
for 1. 
Appendix 2 
'H and 13C NMR spectra for Chapter 2 
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'H NMR of 4 (300 MHz, CDC13) 
13C NMR of 4 (75 MHz, CDC13) 
NMR Spectra Chapter 2 Appendix 
'H NMR of 2 (300 MHz, CDCl,) 
1 1 " ' 1 " "  I " "  I " "  I "  
13c NMR of 2 (75 MHz, CDC13) 
NMR Spectra Chapter 2 Appendix 
'H NMR of Pl(500 MHz, CDCl,) 
13C NMR of Pl(125 MHz, CDClJ 
NMR Spectra Chapter 2 Appendix 
'H NMR of P2 (500 MHz, CDCl,) 
NMR Spectra Chapter 2 Appendix 
'H NMR of P3 (500 MHz, CDCl,) 
NMR Spectra Chapter 2 Appendix 
Appendix 3 
'H, 13C, and 19F' NMR spectra for Chapter 3 
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'H NMR of 3 (500 MHz, CDCI,) 
160 150  140  130 1 1 0  110  100  90 80 7 0  6 0  50  4 0  PppD 
13C NMR of 3 (125 MHz, CDClJ 
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"F NMR of 3 (282 MHz, CDCl,) 
NMR Spectra Chapter 3 Appendix 
'H NMR of 4 (400 MHz, CDC13) 
13c NMR of 4 (100 MHz, CDC13) 
NMR Spectra Chapter 3 Appendix 
'H NMR of 5 (500 MHz, CD2C12) 
13c NMR of 5 (125 MHz, CD2C12) 
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'H NMR of 7 (500 MHz, CDCI,) 
13C NMR of 7 (125 MHz, CDCl,) 
NMR Spectra Chapter 3 Appendix 
"F NMR of 7 (282 MHz, CDCl,) 
NMR Spectra Chapter 3 Appendix 
'H NMR of 8 (500 MHz, CDCI,) 
13C NMR of 8 (125 MHz, CDC13) 
NMR Spectra Chapter 3 Appendix 
'H NMR of 9 (500 MHz, CDCI,) 
13C NMR of 9 (125 MHz, CDCl,) 
NMR Spectra Chapter 3 Appendix 
"F NMR of 9 (282 MHz, CDCI,) 
NMR Spectra Chapter 3 Appendix 
'H NMR of 10 (500 MHz, CDCl,) 
13C NMR of 10 (100 MHz, CDC13) 
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Appendix 4 
'H, 13C, and 19F' NMR spectra for Chapter 4 
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'H NMR of 2 (300 MHz, CDCl,) 
190 160 14 0 1 2  0 100 80 6 0 4 0  20 0 P)la 
13C NMR of 2 (75 MHz, CDC13) 
NMR Spectra Chapter 4 Appendix 
'H NMR of 4 (500 MHz, CDCl,) 
13c NMR of 4 (125 MHz, CDC13) 
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"F NMR of 4 (282 MHz, CDCl,) 
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'H NMR of 6 (500 MHz, CDCI,) 
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13C NMR of 6 (125 MHz, CDC13) 
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'H NMR of 7 (400 MHz, CDCl,) 
13C NMR of 7 (100 MHz, CDC1,) 
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'F NMR of 7 (282 MHz, CDC13) 
NMR Spectra Chapter 4 Appendix 
'H NMR of P2 (300 MHz, CDCI,) 
1 9 ~  NMR of P2 (282 MHz, CDC13) 
NMR Spectra Chapter 4 Appendix 
'H NMR of P3 (300 MHz, CDCI,) 
"F NMR of P3 (282 MHz, CDCI,) 
Appendix 5 
'H, 13C, and 19F' NMR spectra for Chapter 5 
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'H NMR of 10 (300 MHz, CDC13) 
13C NMR of 10 (125 MHz, CDC13) 
(Synthesis and characterization of this compound by Samuel W. Thomas, 111) 
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'H NMR of polymer la (300 MHz, CDCl,) 
"F NMR of polymer la (282 MHz, CDCl,) 
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'H NMR of polymer 2a (300 MHz, CDCl,) 
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'H NMR of polymer 7 (500 MHz, CDCl,) 
(Synthesis and characterization of this polymer by Samuel W. Thomas, 111) 
NMR Spectra Chapter 5 Appendix 
'H NMR of polymer 9 (300 MHz, CDC1,) 
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Appendix 6 
'H, 13c, and 19F' NMR spectra for Chapter 6 
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'H NMR of 1 (500 MHz, CDC13) 
13C NMR of 1 (125 MHz, CDC13) 
NMR Spectra Chapter 6 Appendix 
1 9 ~  NMR of 1 (282 MHz, CDCl,) 
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'H NMR of 2 (300 MHz, CDC13) 
13C NMR of 2 (75 MHz, CDC13) 
NMR Spectra Chapter 6 Appendix 
"F NMR of 2 (282 MHz, CDC13) 
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'H NMR of 3 (500 MHz, CDCI,) 
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"F NMR of 3 (282 MHz, CDCI,) 
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'H NMR of 5 (500 MHz, CDCI,) 
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"F NMR of 5 (282 MHz, CDCl,) 
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'H NMR of 6 (500 MHz, CDC13) 
13C NMR of 6 (125 MHz, CDC13) 
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"F NMR of 6 (282 MHz, CDCl,) 
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"F NMR of 7 (282 MHz, CDC13) 
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'H NMR of Pl(300 MHz, CDC13) 
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'H NMR of P2 (300 MHz, CDCl,) 
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'H NMR of P4 (500 MHz, CDCld 
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